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The form ation  of molybdophosphate ions in  aqueous s o lu tio n  has 
been s tu d ied  by means of an ion-exchange p ro cess , u s in g  a s tro n g ly  
b a s ic  anion exchanger* This was supported by pH t i t r a t i o n  studies.*
Prom the  exchange of ch lo rid e  ions w ith  molybdate and phosphate 
io n s , the  number of molybdenum(Vl) and phosphorus(v) atoms p e r u n it  
charge (fr-Value) i s  c a lc u la te d . Below pH 6 two s tag e s  of condensation 
occurj one i s  rep resen ted  by R(Mo) = 2 .0  and R(P) = 0 .2 1  which 
extends between pH 2- 6 j and th e  second i s  rep resen ted  by R(Mo) = 4 .7  
and R(P) = 0.39 and occurs a t  pHv^1* Phase pH 7 sep a ra te  orthophos­
phate and molybdate ions c o e x is t.  The condensation s tag es  deduced 
a re  supported by the  observed change in  pH of th e  so lu tio n  as they 
come to  equ ilib riu m  w ith  th e  r e s in .  The evidence from R-value 
de term ina tion , io n -sc reen in g  t e s t s  and th e  MosP r a t io  f o r  th e  exchanging 
spec ies  suggest th a t  th e  f i r s t  condensation sp ec ies  i s  th e  9-molybdo- 
phosphate io n , [PKOgO^]^*"* The presence of isopolym olybdate sp ec ies  
competing f o r  the  r e s in  may account f o r  th e  s l ig h t ly  enhanced R(Mo) 
value* At pH 1, th e  12-molybdophosphate ions [PMo^O^q]^" and [hPHo^O^q] 
a re  proposed as th e  predominant species*  The l a t t e r  io n  e x is ts  in  
s tro n g ly  ac id  s o lu tio n  and i s  s ta b le  in  so lu tio n s  of n i t r i c  ac id  up to  
10M* Between pH 2-6 , a m ixture of th e  9-molybdo- and th e  12-molybdo- 
phosphates e x is ts  th e  l a t t e r  predom inating w ith  d ecreasin g  pH. I t  i s
-  3 -
suggested th a t  th e  9-^olybdophosphate io n  i s  formed by th e  in te ra c t io n  
of phosphate ions and isopolym olybdate io n s , p o ss ib ly  th e  hexamolybdate 
io n  [HM o.00J ^ t A s tru c tu re  f o r  th e  9-&olybdophosphate i s  suggested5 D 22
which r e la te s  i t  to  th e  9-ao lybdoheteropolyanions of th e  t r a n s i t io n  
m etals*
S a lts  co n ta in in g  th e  6-m olybdoferrate  io n  have been s tu d ied  
therm ally  in  th e  s o lid  s t a t e  and in  s o lu tio n  by io n  exchange methods. 
Thus sodium 6-m olybdate f e r r a te  was confirmed as a decahydrate which 
could be dehydrated w ithout decom position of th e  heteropolyan ion  
s tru c tu re #  The ammonium s a l t  gave a complex decom position curve and 
on th e  b a s is  of th i s  and the  a n a ly t ic a l  d a ta  i s  assigned  th e  em pirica l
form ula ( KH)^[FeOg,MOg0 .j ^]# 7Bv>0 # S o lu tions co n ta in in g  th e  6-molybdo-
f e r r a te  io n  (0 #1M in  Mo) were found to  be s ta b le  only in  th e  pH range
2 , 5- 5*0 and so lu tio n s  of th e  f re e  ac id  could no t be p repared  a t  th i s
co n cen tra tio n  by io n  exchange methods# The r e s u l t  o f R-value 
d e term ina tion  and io n  sc reen in g  t e s t s  on so lu tio n s  in  th i s  pH range 
showed th a t  th e  monomeric io n  [FeOgMo^O^] was p re se n t. Below pH 2 ,5  
an in so lu b le  i r o n ( l l l )  molybdate sp ec ies  i s  formed which was so lu b le  in  
n i t r i c  ac id  a t  pH 0,5# In  such so lu tio n s  io n  exchange s tu d ie s  showed 
th a t  an i r o n ( l l l )  isopolym olybdate c a tio n  was presen t#  I t  i s  suggested  
th a t  th i s  may be [F eH ^M o ^O ^]^ ,
«• <| M
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INTRODUCTION
H is to r ic a l  Survey o f the molybdophosphates 
H is to r ic a l  Survey o f the m olybdoferrates 
Scope o f the work
Ion Exchange R esins and th e i r  P ro p e rtie s
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1 .1 . H is to r ic a l Survey of th e  
General
The heteropo lyacids are compounds formed by the condensation of two 
or more species of io n s  in  ac id  so lu tio n , one con ta in ing  the  heteroatom , and 
the o th er con tain ing  the isopolyatom . The heteroatom  fu n ctio n s a s  the 
c e n tra l  atom of the heteropolyanion  and i s  linked  to  some f ix e d  number of 
the isopolyatom s by oxygen, Vinadium(V), molybdenum(VI) and tungsten(V l) 
are the only elem ents known to  fu n c tio n  as isopolyatom s whereas 45 elem ents 
are known to  be ab le to  ac t as the heteroatom . The most common examples 
are the 12-molybdo- and 12-tungsto-phosphates and the b e s t known of th e se , 
ammonium 12-molybdophosphate, was d iscovered  by B erzelius[ 1] and i t s  
a n a ly tic a l  u sefu lness  developed in  the 19th cen tu ry . On the b a s is  o f  de­
hydration  experim ents the 12-tungsto-phosphates Y/ere shown to  be derived  
from and analagous formulae were p o s tu la te d  f o r  the s i l i c o -
tu n g s ta te s  and phosphomolybdates.
Mixed heteroan ions may a lso  be prepared  w ith  two d if f e r e n t  iso p o ly ­
atoms coord inated  to the c e n tr a l  atom f 2,3]♦ Another p o s s ib i l i ty  i s  f o r  
the same element to  be p re sen t in  d i f f e r e n t  o x id a tio n  s ta te s  a s , f o r  
example, in  the co b a lt compound
ECo2+06.Co3\ . W 12032+nH2n] [i,]
The p ro p e rtie s  of the  heteropolyan ions have been s tu d ied  w idely and 
are the su b je c t of many rev iew s, e .g ,  T5,6]* The fo llow ing genera l 
p o in ts  are noteworthy.
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(1) In  any heteropoly  anion th e re  are  more isopolyatom s than 
heteroatoms*
(2) The anions resem ble d is c re te  fragm ents of a m etal oxide s tru c tu re  
and are  of d e f in ite  s iz e  and shape fo r  a given species*  The is o ­
polyatoms a re  w ith in  polyhedra of oxygen atoms which share v e r t ic e s  
and/or edges* In  ad d itio n  every such polyhedron shares a t le a s t  
one oxygen atom w ith the polyhedron of the  c e n tra l  atom.
(3) The anions d i f f e r  from conventional coo rd in a tio n  compounds in  
several im portant ways. ( i )  There are no d is c re te  lig an d s  co­
o rd ina ted  to  the c e n tra l  atom, the s tru c tu re  i s  in te rco n n ec ted .
( i i )  The io n ic  w eights are la rg e ,  between 1000-4-000 abso lu te  weight 
un its*  ( i i i )  Because of th e  la rg e  s ize  of the  anions t h e i r  surface  
charge density  i s  low and they  e x h ib it  a lov* degree of so lv a tio n  [ 7] • 
( iv )  The ac id s  are f re e ly  so lub le  in  w ater and oxygen-contfin ing 
organic so lv en ts , e*g. BuOH. The ac id s  are  a lso  s tro n g , (pH "'^2), 
the  sev e ra l d isso c ia tio n  co n s tan ts  o f a given polybasic ac id  d i f f e r ­
ing by a f a c to r  of -•'•'10. The b a s ic i ty  of many he te ro  poly ac id s  i s  
s t i l l  the su b jec t of re sea rch  [ 8 ] .  (v) A ll anions a re  degraded by
bases to  give the  c o n s titu e n t io n s . (v i)  Throughout a s p e c if ic  pH
range, most so lu tio n s  of heteropolyan ions appear to  co n ta in  p re ­
dominantly one spec ies  of an ion .
(4 ) The r a t io  of heteroatom s to  isopolyatom s can vary to g ive r i s e  
to  a s e r ie s  of compounds. For example, Souchay [9 ] has rep o rted
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a s e r ie s  o f x-molybdo-y-phosphates e x is tin g  w ith in  various pH ranges 
and co n cen tra tions of th e  c o n s titu e n t io n s , where x : y  may be 12 : 1, 
11 i 1, 18 : 2, 5 s 2, 2 : 2, and th ere  have been numerous o th e r 
re p o rts  [ 10- 15] in  support of t h i s .
Although the s tru c tu re s  o f the so lid  acids and th e i r  s a l t s  are  r e ­
la t iv e ly  wellknown T2 ,5 ,15 ,16 ,17] and these s tru c tu re s  r e la te d  to th e i r  
chemical p ro p e r tie s ,  the exact n a tu re  o f the spec ies  in  so lu tio n  and the 
mechanism of form ation i s  s t i l l  not c le a r .  The com plicating  fa c to r  in  the 
study of the condensation p rocesses involved  i s  the la rg e  number o f p o ssib le  
io n ic  species p resen t in  so lu tio n . This problem i s  aggravated by the 
form ation of isopolyanions which may c o e x is t w ith  the heteropo ly  sp ec ie s , 
since both species are formed under s im ila r  c o n d itio n s . A revie?* o f the 
isopolym olybdates i s  th e re fo re  e s s e n t ia l  to  th e  study of the  h e te ro p o ly - 
molybdates.
Isopol.ymol.ybdat e s
The d iv e rs i ty  of opinion e x is t in g  on the n a tu re  o f the spec ies  
formed ?ihen a molybdate so lu tio n  i s  p ro g ress iv e ly  a c id if ie d  has been r e ­
viewed by Cooper [1 8 ] .  A la rg e  number of ions have been proposed to g e th e r 
w ith  p ro tonated  forms bu t th e re  i s  general agreement th a t  a b u ffe red  re g io n  
e x is ts  between pH v alu es 7 and 3 below which fu r th e r  aggregation  occu rs . 
Below pH 1 equ ilib rium  e x is t s  between anionic and c a tio n ic  forms o f 
molybdenum(VT). L indqu ist [ 19], fo llow ing  the condensation spec tropho to - 
m e tr ic a lly , proposed the  fo llow ing  e q u i l ib r ia  :
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[ Mo0^]2~ [MOy022#]^ "  • Mo8°26^2<*"* la rg e r  complexes#
C ry s ta ls  con ta in ing  these m olecular groups were is o la te d  by th a t  au thor 
from the so lu tio n s . On the o th e r hand, Bye [ 20], on the b a s is  of con- 
ductim etric  and cryoscopic  measurements, re p o rte d  th e  fo llow ing anions as 
major condensation species  v/hen sodium molybdate was a c id if ie d  w ith  
su lphuric acid  :
[Ko04] 2- ^ [ H M o g O ^ ] 5"  ^ [ H jM O g O ^ ] 3-
As a r e s u l t  o f ion-exchange experim ents invo lv ing  the determ ination  of the
r a t io  atom/charge fo r  the exchanging species and u t i l i s in g  the io n ic  sieve
2—e f fe c t ,  Cooper and Salmon f 21] have shown th a t  the ion  [ Mo^O^l i s  the
i  2—predominant sp ec ies  a t  pH 5“° and a t pH 1 the  ion  l*y^°10^32 
major species* Each c o -e x is ts  a t .in te rm e d ia te  pH values and a t ta in s  
predominance a t  the  s ta te d  v a lu es, th e  decamolybdate being th e  so le  spec ies  
p re sen t in  so lu tio n s  of molybdenum(Vl) a t c o n c e n tra t io n s ^  0.05 g .a to n v /litre*  
The f a i lu r e  of H eitner-W irguin and Cohen [ 22] to  d e te c t  the  la rg e r  poly­
meric spec ies  appears to  be due to  the use o f too h ig h ly  c ro ss - lin k e d
i*
resin s*  C oncentration i s  im portant and the comprehensive s tu d ie s  of Bye 
[ 20] and Carpeni [ 23] in d ic a te d  the follo?riLng e q u i l ib r ia  in  so lu tio n s  of 
molybdenum :
a) 1$ MoO ]^’2"* + 6H [ Mo^O^]2"  + 3 ^ 0  ^  0.1M in  Mo.
(b) 5[MoO^]2~ + Z*T Mo^ 013] 2~ ^  3[ Mo^O^] 0.01-0.05M in  Mo.
(c) 2[Mo702^ ]6~ + Iff Mo^O^] 2~ $  Mo6°2Q ^~  a t  °*°5-0.10M in  Mo
and 1 .1 -5  eq u ivs. H /Mo.
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In  view of the  complexity o f t h i s  r e la t iv e ly  simple system and th e  
divergence of e x is tin g  opinion, i t  i s  no t su rp r is in g  th a t  the mechanism 
of heteropolym olybdate form ation i s  no t y e t c l a r i f i e d ,  a s  the fo llow ing  
d iscussion  w il l  i l lu s t r a te *
MOLYB DQPHOSPHATES
The form ation of molybdophosphate anions occurs in  ac id  so lu tio n  
over a s im ila r  pH range to  th a t  o f th e  isopolym olybdates, the na tu re  of 
the heteropolyanion  being dependent on pH, molybdenum and phosphorus con­
ce n tra tio n s  and Mo to  P r a t io .  The use o f concen tra ted  orthophosphoric
ac id  h inders  heteropolyanion  form ation , in d ic a tin g  th a t  an io n ic  spec ies
3—i s  involved in  th e  condensation p ro cess , i , e ,  o r i t s  p ro tona ted  form s.
To account fo r  the in c rease  in  th e -d is s o c ia tio n  constan t w ith in c reas in g  
co n cen tra tio n , Bipan [ 24] has suggested th a t  aqueous phosphoric ac id  
so lu tio n  con tains m olecules of H^PO^, The presence of s im ila r  spec ies  
was proposed fo r  a rsen ic  and b o ric  ac id s  on the  same grounds.
In  ad d itio n  to  the com plexity of the condensing sp ec ies , a la rg e  
number of molybdophosphates has been p o s tu la te d , Souchay [ 9] has shown 
th a t  the fo llow ing  ions may e x is t  when a sodium molybdate, disodium 
hydrogen phosphate m ixture in  so lu tio n  i s  a c id i f ie d ,
(1) rP04 .(Mo03 )12] >  PH2 -  2.5
(2) [ POg(MoO^)^]^ pH2.5 -  produced when ( l )  i s  degraded
by OH* o r P 0 ^ ~
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6-(3 ) r 5*15 in  co ncen tra ted  so lu tio n s  and
excess orthophosphate
( 0  [(P04 ) 2(Mo03) 5] 6_ pH 5 -  6
(5) 2Na20.P 205 .(Mo03 ) 2 pH 4  -  5 .
There i s  l i t t l e  confirm ation  in  th e  l i t e r a t u r e  fo r  the ex is ten ce
of species (4-) end ( 5 ) ,  t u t  ( l )  i s  w ell e s ta b lis h e d  both in  so lu tio n  and
in  the  so lid  s ta t e .  S a lts  of 9-molybdophosphoric ac id  have been prepared
[ 3 >12 , 25 , 26 , 27?28 , 29] and the c r y s ta l  s tru c tu re  o f the r e la te d  9“tu n g sto -
phosphate determ ined by Dawson [ 17] • The l a t t e r  au thor proposed a dim eric
s tru c tu re , v iz , [ ^ 2^ 18^62^  supporting  the  p roposal o f N ik itin a  [25] th a t
12—"lu teo  molybdophosphoric ac id” was a b in u c lea r  complex, i . e ,  [ ^ 2^ ° l 8^65  ^ *
I t  was a lso  dem onstrated by N ik itin a  th a t  the 12 ; 1 sp ec ies  i s  converted  
to  the 18 : 2 spec ies  by excess phosphoric a c id . S im ila r evidence fo r  the 
18 : 2 ion  as a form ation p recu rso r to  the  12-molybdophosphoric a c id  has 
been pu t forward by various workers [ 14,30*31*32] , Ripan and Zsako [14] 
s tu d ied  the  system phosphoric acid-m olybdic ac id -w ater by conductim etric , 
photom etric and po ten tiom etric  methods and concluded th a t  heteropolyan ions 
of Mo : P r a t io  corresponding to  12 : 1, 11 j  1, 9 • 1> 2 : 1 and 1 : 1 
were p re se n t. On the b a s is  of pH t i t r a t io n s  w ith  NaOH, Souchay [ 29] 
showed th a t  the 12-molybdogermanate decomposed as fo llow s :
12 : 1 * 11 : 1 germanate io n s  + molybdate ions
pH 3 .3 -4 .2  pH 5 .4
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whereas the 1 2 - tu n g s to s il ic ic  acid  degraded d ir e c t ly  to  s i l i c a t e  and 
tu n g s ta te .
Bipan e t  a l .  [33] have shown by chromatography th a t  the 1 2 -tu n g sto - 
b o ra tes  degrade in  a d if fe re n t  fa sh io n  :
O ptical measurements [34] on the molybdophosphate system have shown 
th a t  heteropolym olybdates con ta in ing  Mo : P in  the  r a t io s  24 : 1, 20 ; 1 
and 16 : 1 e x is t  between pH 0*7 and 1 .8  a t  20°C. Jbove pH 2 and a lso  a t  
60°C ir re s p e c tiv e  o f pH, only the 12 ; 1 anion ex is ts*
Buckwald [ 35] a lso  used o p t ic a l  d en sity  measurements to  s tu d y  the  
form ation o f 12-molybdophosphates in  aqueous p e rc h lo ric  a c id . He con­
cluded th a t  in  so lu tio n s  where th e  Mo ; P r a t io  i s  <C12 I 1 and in  d i lu te  
so lu tio n s  a t  h igher r a t io s ,  the r a t io  in  the  complex i s  12 : 1; the 
6-molybdophosphate being an in te rm ed ia te  in  the form ation of the  12-anion.
The evidence fo r  molybdophosphates invo lv ing  Mo : P r a t io s  of 
< '6  : 1 i s  more f lim sy . Reference has been made to  the  work of Souchay [ 9] 
and Ripan [ 14] • The l a t t e r  has a lso  s tu d ied  the te rn a ry  systems
p orted  the ex istence of x-m olybdo-l-phosphates where x i s  1, 1 .5 , 2 .5  and 4 
a t  various pH v a lu es . This same au thor s tu d ied  the degradation  of 12- 
mo lybdophosphoric and 12-m olybdosilic ac ids by paper chromatography and 
rep o rted  the  pH of maximum s ta b i l i t y  to be 1 ,7  [ 3^] • In  conjunction  w ith
12 : 1 10 : 1 b o ra te  ions + tu n g s ta te  ions
pH 7.2
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s tu d ie s  of mixed sodium molybdate-sodium phosphate so lu tio n s  a t  s im ila r  
r a t io s ,  he proposed the  fo llow ing e q u i l ib r ia  :
Mol2  ^  Mo ^  Mog “ i Mo^  “ T Mo
where Mo^  ^ invo lves tw elv e-fo ld  condensation of the  molybdenum w ith  one 
phosphorus atom in  the heteropo lyan ions.
In  view of the evidence c i te d  above i t  i s  doub tfu l th a t  molybdo- 
phosphates con tain ing  Mo : P in  th e  r a t io  < 6 : 1  e x is t  in  aqueous so lu tion*
The b a s ic i ty  o f the  w ell e s ta b lis h e d  h e te ro p o ly ac id s  has been the 
su b jec t of much re s e a rc h . The e a r ly  th e o r ie s  o f M io la tti  and Rosenheim 
[37*38] le d  to  the fo rm ulation  of th e  12-heteropolym olybdates as 
W bMV m‘>03 ) l 2] where R i s  the heteroatom  of o x id a tio n  number n* The 
high b a s ic i ty  im plied  fo r  the phosphorus(V) compound n e c e s s ita te d  the 
ex isten ce  of h eav ily  p ro tonated  sp ec ies  in  s o lu tio n , to g e th e r w ith  the 
phosphorus(V) in  o c tah ed ra l co o rd in a tio n  w ith oxygen* Although 6 - fo ld  
coo rd ination  i s  found in  such compounds as HEEg i t  has no t so f a r  been found 
w ith  oxygen as the donor atom. There i s ,  however, l im ite d  evidence in  the 
l i t e r a t u r e  fo r  h igh ly  s u b s ti tu te d  s a l t s  of th e  12 -heteropo lyacids [3 9 * 8 ]. 
Modem th e o r ie s  of the s tru c tu re  o f the 12-heteropolyanions a re  based on 
the th e o re t ic a l  co n s id e ra tio n s  developed by Pauling [ 15] and th e  s tru c tu re  
determ inations of Keggin, Anderson and o th e rs . These p r in c ip le s  are  d is ­
cussed in  th e  next se c tio n , but th e  main outcome is the proposal of the 
s tru c tu re  [Rn+0^(Mo0^)^2] ^  where R i s  the heteroatom  and may be P(V),
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As(V), S i(lV ), G-e(lV), T i(lV ) and Z r(lV ). The lower b a s ic i t i e s  im plied  
in  these  formulae have been v e r if ie d , fo r  example, by p o ten tio m etric  
t i t r a t io n *  The analogous Ce(lV) and Th(lV) compounds, however, involve 
the heteroatom  in  6 - fo ld  coo rd ination  and the  h igher b a s ic i ty  has been 
v e r i f ie d  I  40] > as has the s tru c tu re  o f the cerium (lV) compound* Thus in  
so lu tio n s  of the f re e  ac id s  of the heteropolym olybdates, ions corresponding 
to  the above s tru c tu re s  should predom inate. Some evidence has a lready  
been c i te d  above. Attempts to  determ ine io n ic  w eights in  so lu tio n  have 
la rg e ly  been r e s t r i c t e d  to  d if fu s io n , cryoscopic and sedim entation tech ­
niques [4 1 ] . The c la s s ic a l  work of Jander and co-w orkers [42] was based 
upon the determ ination  of the d iffu s io n  c o e f f ic ie n t  D f o r  ions in  the  
presence of an in e r t  e le c t r o ly te .  By the use of the  Riecke*s Law,
Dz V/M = co n stan t, where z i s  the s p e c if ic  v is c o s ity  of the medium and M 
the m olecular o r io n ic  w eight, th e  s tages in  the condensation of a wide 
range o f isopo ly  and heteropoly  systems were fo llow ed, w ith  r e s p e c t  of pH.
In  the tu n g s ta te  system, they  showed th a t  in  the presence o r absence of 
a rsen a te  or phosphate ions the f i r s t  condensation product was the hexa- 
tu n g sta te  io n . This ion  could e i th e r  condense w ith  more h exatungsta te  io n s  
or condense w ith , fo r  example, the  phosphate ion  to  give the 1-phospho- 
hexatungsta te  io n . E le c tro d ia ly s is  measurements by B r itz in g e r  [ 43] 
supported these  f in d in g s .
The a p p lic a tio n  o f R ieck e 's  Law has been fre q u e n tly  questioned .
*~l6—
R ecently, Baker and Pope f 44] have demonstrated th at the d if fu s io n  co­
e f f ic ie n t  i s  independent o f io n ic  w eight. Using the open c a p illa r y  
method i t  was shown that the io n s  [ SiW g^Qj q]^ * and [ SiMo^O^]^" ^a<^  
id e n t ic a l d if fu s io n  c o e f f ic ie n t s  d esp ite  having io n ic  w eights d if fe r in g  
by ca . 1000, D espite th is  c r it ic is m , the work o f Jander i s  o f  u se fu l  
q u a lita tiv e  s ig n if ic a n c e . M.C.Baker e t  a l .  [45] determined the io n ic  
w eights in  so lu tio n  o f  the 12-molybdo and 1 2-tungstophosphates, using  
sedim entation, d if fu s io n  and d en sity  tech n iq ues. In a c e t ic  acid-sodium  
a ceta te  b u ffer  so lu tio n , pH 4«5> th e ir  r e s u lt s  were c o n s is te n t  w ith  the
"7m m  7 -
formulae[ FMo^O^] and[ , The heteropolym olybdate was prepared
from two source m a ter ia ls , one contain ing Mo : P in  r a tio  12 : 1 , the other  
20 : 2. Both gave sim ilar  r e s u lt s .
The h ep ta b a sic ity  o f the tungsten compound has been confirm ed by 
Kerker and M atijervic using tran sferen ce number, spectrophotom etric and 
c r i t i c a l  coagulation  concentration  techn iq ues [ 8 ] .  The b a s ic i t i e s  o f  
other heteropolyanions were in  agreement w ith  the Keggin formula v iz .
L— 'Zam
[S iW ^O ^] jTtCrMogOgi] ,[CeMoi2042] • Light sca tter in g  stu d ies  in
organic so lven ts were c o n s isten t w ith the formula H,fWnr.O,5  12  4-0
I t  i s  c le a r  from the above th at not only  the nature o f the io n s  
present in  a heteropolyanion so lu tio n  but the charge on seem ingly w e l l -  
esta b lish ed  io n s  i s  s t i l l  an open q u estion . Several schemes have been 
proposed to exp la in  the condensation process occurring when so lu tio n s  
contain ing the ion s p a r t ic ip a t in g ,in  heteropolyanion form ation are
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p ro g ressiv e ly  a c id if ie d .  The scheme p resen ted  by Jander r 42] fo r  the 
h e te ro p o ly tu n g sta te , involving the i n i t i a l  form ation of a hexatungsta te  
io n , fin d s  a p a r a l le l  in  the  work of fcrasshoff and Hahn. Polarographic 
s tu d ie s  on the 12-molybdogermanates [ 46 ] and 12-molybdophosphates [47] le d  
these workers to  p o s tu la te  the  i n i t i a l  form ation o f a hexamolybdate, thus 
combination w ith  th e  germanate ion  was sa id  to  occur as fo llow s :
Ge044" + r2H3Mo6021] 3" [GeM o-^O^]4 -  + 61^0 + 6H+
I t  has been f u r th e r  suggested th a t  in  the  absence o f io n s  con ta in ing  
the h etero  atom, the hexamolybdate fu r th e r  condenses to  the dodecamolybdate 
ion which a t ta in s  predominance a t  pH 1 .5  [4 8 ] .  The form ation  o f a 
6-molybdophosphate anion has a lready  been mentioned T 35]*
Evidence may a lso  be found fo r  the form ation  o f an in te rm ed ia te  
species involving a tetram olybdate io n . S tric k la n d  [ 49]> studying the  
combination o f s i l i c a t e  and molybdate ions sp ec tro p h o to m etriea lly ,
2-accounted fo r  the form ation o f a p-m olyfodosilicate v ia  the ion Mo^O^ in  
so lu tio n s  con ta in ing  1 .5  equ ivs. o f acid/m ole of Mo. Three m o lybdosilica te  
species  vrere in  f a c t  id e n t i f ie d  in  th i s  work a , (3 and d if fe r in g  in  
th e i r  absorp tion  sp e c tra  in  the reduced and unreduced s ta te .  S tr ic k la n d  
was unable to  id e n t i fy  the  a-form ing isopolym olybdate; the  ke a t t r i ­
buted to  the molybdenyl species  formed
[Mo^O ] 2 ~  + 10H+ [1|Mo02] 2+ + 5H20
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in  s tro n g ly  ac id  so lu tio n . F e r ra r i  [50] has p o s tu la te d  a -  and {3- 
molybdophosphoric ac id s  from s im ila r  s tu d ie s .
Cannon [ 51] by determ ining th e  d ev ia tio n  from l in e a r i ty  o f the 
e lec tro m etric  p ro p e rtie s  o f so lu tio n s  con ta in in g  sodium molybdate-sodium 
phosphate m ixtures on t i t r a t i o n  w ith  ac id , measured the ex ten t o f combina­
t io n  between molybdate and phosphate io n s . He showed th a t  the  t e t r a -  
molybdate ion p a r t ic ip a te s  in  molybdophosphate form ation .
Evidence ob ta ined  from pH t i t r a t i o n  and io n -sc reen in g  t e s t s ,  using
b asic  ion-exchange re s in s  of varying c ro ss -lin k a g e , on 12-molybdophosphoric
ac id , 0.2M in  Mo and pH 1 .4 , in d ic a te d  th a t  th e  f i r s t  major decondensation
species o f t h i s  ion  had a m etal/charge r a t io  of 2 : 1 and was comparable
2—
in  s ize  w ith the  io n  Mo^O^ [1 8 ,2 1 ] . The te tram olybdate  was s im ila r ly  
found in  isopolym olybdate s o lu tio n s .
S ince, in  th is  work, i t  was proposed to  study the behaviour of the 
heteropolym olybdates in  strong ac id  s o lu tio n ,a  review  of th e i r  known be­
haviour under these co n d itio n s  was considered  d e s ira b le . I t  i s  wellknown 
th a t  the p r e c ip i ta t io n  of ammonium phosphomolybdate, f o r  the  es tim a tio n  
of phosphate, i s  c r i t i c a l l y  dependent upon n i t r i c  ac id  co n cen tra tio n . 
F u rth er, o th e r m ineral ac ids in te r f e r e  w ith t h i s  re a c tio n  [5 2 ] .  Souchay 
[32] in d ic a te s  th a t  the 12-heteropolym olybdates of phosphorus(V), 
germanium(IV), s ilic o n (lV ) are  decomposed by ac ids y  2N in  the  above 
order of in creasin g  s t a b i l i t y ,  the  acids concerned being HCIO^, HC1 and 
H2SO4 . Kokorin [ 53] Has in d ic a te d  s im ila r ly  th a t  the 12-m olybdoarsenates
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and phosphates are  decomposed by 4N.H2S0^, whereas the  corresponding s i l i c a t e  
i s  s ta b le .  King [ 54] and M ille r f 55] have both shown th a t  su lphuric  ac id  
concen tra tions > 2N in h ib i t  th e  form ation of molybdenum b lue in  the 12- 
molybdophosphates bu t do no t in te r f e r e  w ith  th e  analogous s i l i c a t e  compound. 
C olorim etric  s tu d ie s  on 12-molybdophosphoric acid  have shown th a t  the  
maximum abso rp tion  of t h i s  ion  i s  lowered in  ac id  so lu tio n  above 0.2N, the 
e f fe c t  being in  the o rder HgSO^ HC1 y  HNO^  [ 30] *
Zsako [ 56] follow ed the t i t r a t i o n  of a mixed Na^P0^(0.01 M) -  
Na2MoO^(x.M) so lu tio n  c o lo r im e tr ic a lly  w ith the concen tra ted  ac id s HC1,
HNO^  and H^SO^ se p a ra te ly . He found th a t  an a c id ity  e x is te d  f o r  maximum 
absorp tion  bu t a t  h igher a c id i t i e s  the heteropolyan ions are  decomposed w ith­
out the form ation  o f a sa tu ra te d  sp ec ie s , i .e *  Mo : P of 12 : 1 , th i s  p rocess 
being independent of the  natu re  o f the  a c id . However, when a curve i s  
drawn showing th e  range of a c id i ty  in  which th e  ab so rp tio n  has more than 
2/3 of i t s  maximum valu e , then a t  r a t io s  o f Mo : P < 9 : 1 , the n a tu re  o f 
the ac id  again has no in flu en c e ; when th i s  r a t io  i s  > 9 : 1  d isc rep an c ie s  
occur, w ith n i t r i c  ac id  ex e rtin g  th e  l e a s t  e f f e c t .  Also n i t r i c  ac id  has 
the l e a s t  d eco lo ris in g  e f f e c t  upon th e  heteropolyan ion  so lu tio n s .
The presence of n i t r i c  ac id  has been shown to  a f f e c t  adversely  th e  
e x tra c tio n  of 12-molybdophosphoric and - s i l i c i c  ac id s  by aqueous b u tan o l, 
when p resen t a t  s tr e n g th s > 1  M. The e x tra c tio n  was dependent upon the 
con cen tra tio n  o f sodium n i t r a t e  f 57] *
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1 * 2.  H is to r ic a l Survey o f the mo ly b d oferra tes
The compounds formed by the in te ra c t io n  of molybdenum(Vl), as 
molybdate, and a v a r ie ty  of m etals and non-m etals to  form 6-heteropolyan ions 
have received  much le s s  a t te n t io n  than the wellknown 12-m olybdoheteropoly- 
an ions, F i r s t  mentioned by S truve [ 58] in  1854* i t  was no t u n t i l  much 
l a t e r  th a t the  p rep a ra tio n  and p ro p e rtie s  o f some 6-molybdoheteropoly an ions 
con tain ing  tra n s it io n -m e ta l  io n s  were recorded . H all [ 59] p repared  a 
v a r ie ty  of s a l t s  of te rv a ie n t  Cr, AL, Fe and te t ra v a ie n t  Mn, Ni and Co,
The i r o n ( l l l )  s a l t s ,  fo r  example, were prepared  by t r e a t in g  an excess 
of molybdenum(Vl), as molybdate, so lu tio n  w ith  the ap p ro p ria te  iro n  alum.
Thus the ammonium and potassium  compounds were p repared  as c o lo u r le ss  
so lid s  analysing  as  3(N H ^ ) • Fe^0^ . l2Mo0^, 1 9 ^ 0  and 3 ^ 0 , Fe^0^*!2MoO^, 2 0 ^ 0  
reepeotively,M arkw ald [ 60] p repared  the  ammonium s a l t  by t r e a t in g  i r o n ( l l l )  
ch lo rid e  w ith  ammonium molybdate.
D e ta ils  as to  th e  s tru c tu re  o f these  compounds were provided by 
the work o f M io la tti  [37] and Rosenheim [ 38] /  using  dehydration  d a ta  and 
co n d u c tiv ity  measurements. The lo s s  of 7 moles o f w ater r e la t iv e ly  
e a s i ly ,  below 170°C, w hile red -h ea t was re q u ire d  to  remove a fu r th e r  3 moles, 
le d  to  the formulae of potassium  6-mo lybdof e r ra te  being w r itte n  as :
K3Hg[ Fe(Mo04 )^7H20
im plying a very high b a s ic ity  fo r  the a c id . C onductivity  data a t  25°C 
in  aqueous so lu tio n  showed th a t X^  SBd- ^1024 were 97*88 mhos and 153*75 mhos
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re sp e c tiv e ly , which Rosenheim in te rp re te d  as support f o r  h is  form ula.
S im ilar formulae were developed ou t o f the M iolatti-Rosenheim  theory  
by P f e if f e r  [ 61] f o r  the 12-heteropo lyacids :
IW Rn+06 (M03 )121 
where R i s  the heteroatom , e .g .  P (v ) ,  As(V), S i(lV ) of o x id a tio n  number n 
and M i s  the iso p o ly  atom, u su a lly  Mo(Vl) o r W(Vl)
In  a l l  cases i t  was considered  th a t  the anion was h eav ily  p ro to n a ted . 
Evidence fo r  h igh ly  s u b s ti tu te d  s a l t s  o f 12-molybdophosphoric ac id  has 
been provided by N ik itin a  [ 62 , 63] ,  b u t l a t e r  re fu te d  by S pitsyn  f 31]*
In  1937 Anderson T il]  proposed a s tru c tu re  f o r  the  6 -h e te ro p o ly - 
anions based upon p r in c ip le s  l a id  down by Pauling [ 15] as app lied  to  the 
whole f i e ld  of h e te ro p o ly  and iso p o ly an io n s . P au ling  suggested th a t  the  
c e n tra l  atom in  a 12-heteropoly  anion was involved in  4“fo ld  co o rd in a tio n  
w ith  oxygen, the l a t t e r  being p a r t  o f the molybdic oxide polyhedra. The 
formulae were then [ Xn+. M o w h e r e  n i s  th e  o x ida tion  number 
o f the  c e n tra l  atom in  a te t ra h e d ra l  environment, and may be P(V), As(V), 
S i(lV ), Ge(lV), T i(lV ) o r  Z r(lV ). Thus the  b a s ic i ty  o f the hetero p o ly ­
anion was governed by the c e n tra l  atom. Exceptions to  th i s  genera l 
formula^ were found w ith  the  12-m olybdoheteropolyanions of Ce(lV) and 
Th(lV) which involve a coo rd in a tio n  number o f  s ix  [ 64,40] and hence a 
b a s ic i ty  of e ig h t, in  accord w ith  the g eneral fo rm ula  [ Z ^ M o ^ O ^ ] (*^-n)^ 
C onsideration o f th e  r a t io  of the  r a d i i  of th e  oxygen and c e n tr a l  ions
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has been shown to  be an im portan t f a c to r  in  th e  co o rd in a tio n  number ex­
h ib ite d  by the heteroatom  [ 57] • The r e je c t io n  of the  M iolatti-Rosenheim  
form ula fo r  the 12-heteropolyanions was supported by the X-ray s tu d ie s  of 
Keggin [5 ] on the 12-tungstophosphate io n  which confirmed th e  te t ra h e d ra l  
co n fig u ra tio n  o f the  c e n tra l  phosphorus atom*
The a p p lic a tio n  of th e  Pauling-Anderson p r in c ip le s  mentioned above 
to  the 6-heteropoly  anions in d ic a te d  th a t  the hetero-atom  was in  s ix - fo ld  
coo rd ina tion  w ith  oxygen atoms, them selves p a r t  of th e  hexagon of s ix  
MoOg octahed ra . This anion con ta ined  24 O-atoms, as in  the M io la t t i -
~z_
Rosenheim form ula, and was w r itte n  [ XO^MoO^)^] , where X i s  th e  c e n tr a l
heteroatom . Experim ental confirm ation  was provided  by Evans f 65] through
X-ray a n a ly s is  o f the 6 -m olybdo te llu ra te(V i) an ion , using  th e  ammonium
and potassium  s a l t  hep tahydra tes. The 6-m olybdoiodate(V Il) anion was a lso
considered  to  have a s im ila r  s tru c tu re  [11]* More re c e n t in v e s tig a tio n s
using purer s a l t s  and the  fre e  ac id s  have le d  to  a m od ifica tion  o f th e
above id e a s . Baker and co-workers [3 ,4 ,4 1 ,4 4 ,6 6 ,6 7 ] have prepared  the
f re e  ac id s of a wide range of 6-m olybdoheteropolyanions by ca tio n  exchange
w ith a s tro n g ly  ac id ic  ion-exchange r e s in  of the sulphonic ac id  ty p e .
P o ten tiom etrie  s tu d ie s  on these ac id s  has confirmed th e  b a s ic i ty  o f th re e
fo r  the compounds of te rv a le n t  A l,  Cr, Fe and Co, and dehydration d a ta  has
in d ic a te d  th a t  th e  w ater of c r y s ta l l i s a t io n  in  th e  s a l t s  accounts fo r  a l l
th e  hydrogen in  th e  molecule [ 66] • Baker has thus fo rm ulated  th e  b a s ic
3—stru c tu re  of these  an ions as [ XOgMo^O .^] , invo lv ing  only 21 0-atoms in
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c o n tra s t to  24 im plied in  o ld e r form ulae* S tru c tu ra l  co n s id e ra tio n s  in d i­
cated  th a t  much face sharing  by the  MoO^  octahedra was r  equ ired  and 
concluded th a t  a polymeric s tru c tu re , involv ing  only edge sharing  by 
ad jacen t octahedra, was re q u ired , in  keeping w ith  Pauling^s ru le s  [68]* 
Using X-ray a n a ly s is , Wolfe \ 69] has shown th a t  the  6-m olybdochrom ate(lIl) 
compound i s  c o n s is te n t w ith  a dim eric form ula, and since th e  r e la te d  
te r v a lo n t , Fe, Co and A1 compounds are  isomorphous w ith  th e  chrom ium (lll) 
compound and have s im ila r  X-ray p a t te rn s ,  they  too were considered  dimeric* 
Baker [66] considered  the s tru c tu re  o f the  dim eric compounds to  be based
on the paramolybdate ion [ 70] in  which th e  c e n tra l  MoOg octahedron i s
9—rep laced  by th a t  of the heteroatom , y ie ld in g  [XOgMogO^g] . I f  two such 
s tru c tu re s  are jo in ed  by the sharing of s ix  oxygen atoms a l l  ly in g  in  one 
plane, a dim eric s tru c tu re  of the re q u ire d  b a s ic i ty  r e s u l t s ,  which i s  
symmetrical and invo lves only edge sharing  o f octahedra .
More re c e n tly , Tsigdinos f 41] has determ ined th e  m olecular w eights 
of the 6-m olybdoheteropolyanions o f te rv a le n t  Cr, Al, Fe and Co, by 
cryoscopic methods in  fused  sodium su lphate  so lu tio n , using  0.1 -  0.01 
m olal so lu tio n s  of th e i r  sodium s a l t s .  From a p lo t  o f / \ t/Kc a g a in s t C, 
where / \  t  i s  the fre e z in g  p o in t change, K th e  cryoscopic co n stan t and C 
the molal co n cen tra tio n , and e x tra p o la tio n  to  i n f i n i t e  d i lu t io n ,  i t  was 
shown th a t  a l l  these  anions were monomeric bo th  in  aqueous and d i lu te  
su lphuric  ac id  s o lu tio n s . At the same tim e, the “Hbo lyb doc ob a l to  a te  ( i l l )  
ion  was shown to  be d im eric , v iz . :
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[ (Co0g)2Mo10024] 6- .
Evidence from dehydration  da ta  ob ta ined  from the study of potassium  
and sodium s a l t s  o f th ese  6-heteropolyanions has in d ic a te d  th a t  w ater 
p lays an im portant ro le  in  deciding th e  s tru c tu re  o f these compounds [ 3 ,4 1 ,7 1 ]•  
I t  has been shown [3] th a t  the  potassium  s a l t  of the 6-m olybdoferrate ( i l l )  
anion can be com pletely dehyrated  a t  140% and the analogous C r ( l l l )  and 
A l ( l l l )  compounds a t  135°C and 200°C re sp e c tiv e ly . No fu r th e r  w ater was 
lo s t  on ig n i t io n  a t  650°C. The dehydrated m a te r ia ls  re d isso lv e d  to  give 
the o r ig in a l  he teropo lyan ions. The w ater l o s t  was th e re fo re  no t c o n s ti­
tu t io n a l  w ater. Baker [ 3] has th e re fo re  argued th a t  a dim eric s tru c tu re
i s  necessary  to  ex p la in  the p ro p e r tie s  of th e se  ions*
S tudies of the  sodium s a l t s ,  on the o th e r hand, gave c o n f l ic t in g  
r e s u l t s  [41] * The C r ( l l l )  compound may be dehydrated a t  155°C and th e  
heteropolyanion may be reg en era ted  whereas the isomorphous Co ( i l l )  compound 
was ir r e v e r s ib ly  dehydrated a t  155°C. This au thor has th e re fo re  argued 
th a t  c o n s ti tu tio n a l  w ater i s  req u ired  and a simple monomeric ion  w ith  th e
3—
Anderson-Evans s tru c tu re  i s  most l ik e ly ,  i . e .  f XO^MOgO^^H^] ; th e  most
favoured value of n i s  3 fo r  the C r ( l l l )  compound*
The p re sen t p o s it io n  regard ing  th e  6-molybdoheteropolyanions may be 
summarised as fo llow s [6] s
( l )  There are  th re e  s e r ie s  o f s a l t s  based on s t r u c tu r a l  c o n s id e ra tio n s  
in  the s o lid  s ta te :
S erie s  A Those compounds having the Anderson-Evans s tru c tu re  and
of general form ula f X+nM O r - 0 w h e r e  X i s  Te^*
7+ ^and I .
S e rie s  B The dim eric anions o f te rv a le n t  Co, A l, Cr, Fe and Rh of 
gen era l form ula [ %
S erie s  C The lm -hetero-5m -m olybdates where m i s  in te g ra l  bu t unknown 
and o f general form ula
[ X+nMogOx l m' m(' 2x-36-n') and X may be C u ( l l) ,  P ( l l l ) ,  P(V), 
A s ( l l l ) ,  Se(XV), Mn(IX), C o ( ll) ,  N i ( l l ) .  L i t t l e  i s  known 
about th ese  compounds.
The degree of po lym erisa tion  in  so lu tio n  i s  unknown fo r  S e rie s  C, 
b u t fo r  S e rie s  A a monomeric s tru c tu re  i s  p robab le . C o n flic tin g  
evidence, c i te d  above, has been ob ta ined  fo r  S e rie s  B.
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1 .3 . Scope of the  Yfork
The preceding survey ( i . l . )  serves to  i l l u s t r a t e  the  c o n f l ic t  o f
opinion th a t  e x is ts  concerning th e  n a tu re  o f th e  sp ec ies  p re se n t in
aqueous so lu tio n s  con ta in ing  molybdate and phosphate ions a t  v a rious
a c id i t i e s .  I t  i s  g en e ra lly  agreed th a t  a t  pH 7 and above, simple molyb- 
2—
date MoO^  and orthophosphate ions c o -e x is t .  A b u ffe red  reg io n , s im ila r
to  th a t  found in  the molybdate system, e x is t s  between pH 7 and pH i n which
the form ation o f molybdophosphate anions occu rs. The n a tu re  o f the
species i s  dependent upon molybdenum co n cen tra tio n , Mo : P r a t io s  and the
pH of the so lu tio n . For so lu tio n s  r ic h  in  molybdenum the  ion
3— 1—(H^MogO -^ )^ m(H^PO^) has been proposed r 4 2 ]. Many workers have
suggested th a t  e i th e r  th e  hexamolybdate ion  o r  the  te tram olybdate  ion  i s
a necessary p re re q u is ite  fo r  th e  form ation of phosphomolybdates. The
2-form ation o f both these io n s  from MoO  ^ re q u ire s  th e  consumption of 
1 .5  equivs. H+/g .a to m  Mo.
Below pH 3, f u r th e r  aggregation  occurs. Molybdophosphate sp ec ies  
con ta in ing  Mo : P in  the r a t io  o f 12 : 1, 11 : 1 and 18 : 2 have been 
found, th a t  con ta in in g  the 12 : 1 r a t io  e x is tin g  in  so lu tio n s  r ic h  in  Mo 
and a t  pH 1*
At g re a te r  ac id  s tre n g th s , eq u ilib riu m  between an ion ic  and c a tio n ic  
molybdenum e x is ts ,  the  p o s it io n  of eq u ilib riu m  being dependent on the 
nature o f the  ac id . N itr ic  ac id  i s  most favourab le  to  th e  s t a b i l i t y  o f 
the heteropo lyan ions.
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The techniques used h i th e r to  in  the  study o f such systems become 
in se n s it iv e  in  so lu tio n s  of low pH, i . e .  pH t i t r a t i o n ,  co n d u c tiv ity , 
d ia ly s is ,  e tc .  Even a t  th e  h igher pH values th ese  methods have n o t been 
able to  d is tin g u ish  c le a r ly  between the  spec ies  p re se n t. The su ccessfu l 
a p p lic a tio n  of ion-exchange methods to  the study of th e  isopolym olybdates
[18,21] and o ther condensed oxy-anion systems [72-78] recommended the 
technique to  the study of the molybdophosphates. F u r th e r , in  view of 
the a b i l i t y  of ion-exchange re s in s  to  m ain tain  th e i r  performance over a 
wide pH range i t  was decided to  use ion-exchange as th e  main experim ental 
approach.
In ad d itio n , a study of th e  form ation and s t a b i l i t y  o f th e  6 - 
m o ly b d o fe rra te (lll)  anion has been c a r r ie d  o u t. The l im ite d  in fo rm ation  
av a ilab le  in  the l i t e r a tu r e  (see  1 .2 .)  in d ic a te s  th a t  the anion may be a 
monomer o r dimer. S tud ies o f the f re e  acid  have been c a r r ie d  out only 
in  d i lu te  so lu tio n  (<. 0.003M in  i r o n ( l l l ) ) .  S o lu tions of i r o n ( l l l )  in  
n i t r i c  ac id  have been used in  the d is s o lu tio n  o f molybdenum co n ta in in g  
a llo y s  (79 ,80 ), and th e  enhanced s o lu b i l i ty  ob ta ined  in  th e  presence of 
i r o n ( l l l )  has been a t t r ib u te d  to  the form ation of heteropolym olybdates.
The study o f th ese  so lu tio n s  i s  not an easy m atte r from the 
p r a c t ic a l  p o in t of view and the number of techniques which can be used 
i s  very  lim ite d . Ion exchange s tu d ie s  have proved valuab le  in  a number 
of ways and i t  vms f e l t  th a t  more work cou ld  u s e fu lly  be c a r r ie d  ou t 
w ith ion  exchange techniques and using  so lu tio n s  over a wide pH range .
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1 .4 . Ion-exchange Resins and t h e i r  P ro p e rtie s
Ion exchangers c o n s is t  o f  m a te ria ls  con ta in ing  a charged framework 
carry ing  mobile co u n te r-io n s  to  p reserve e le c t r o n e u tra l i ty .  Although 
a wide v a r ie ty  o f n a tu ra l  and sy n th e tic  m a te ria ls  f u l f i l l  th i s  requirem ent, 
most are l im ite d  w ith re sp e c t to  t h e i r  cap ac ity  and range of pH u se fu ln e ss . 
The most su ccessfu l and w idely used r e s in  i s  th a t  based upon th e  copolymer 
of styrene and d iv in y l benzene [ 81]. By ca rry in g  out the copolym erisa­
tio n  in  aqueous suspension th e  f a m ilia r  bead form o f the  r e s in  i s  
produced and subsequent sulphonation  o f th e  copolymer a tta c h e s  the  
sulphonic acid  groups -  SO^H, co n ta in in g  l a b i l e  hydrogens. Such a 
r e s in  i s  s tro n g ly  a c id ic , monofunctional over a wide pH range and has 
good therm al p ro p e r tie s .
Anion exchanging groups may be in troduced  in to  the  r e s in  by the 
scheme o u tlin e d  in  F ig . l .  Resins of t h i s  l a t t e r  type, co n ta in in g  the  
s trong ly  b as ic  fu n c tio n a l group -  CH^.CCH^^N* were used e x c lu s iv e ly  
in  the  experim ental work d e sc rib ed  in  t h i s  th e s i s .
These re s in s  behave as hygroscopic g e ls , sw ellin g  w ith the uptake 
o f so lv en t. The presence of c ro ss - lin k in g , due to  the  d iv in y l benzene 
in  the co-polymer, p reven ts  the com plete so lu tio n  o f th ese  m a te r ia ls .
The re s in s  swell most s trong ly  when the degree of c ro s s - lin k in g  i s  low 
and when the e x te rn a l so lu tio n  i s  d i lu te .
Resins also  sorb e le c tro ly te s  and n o n -e le c tro ly te s . The l a t t e r ,  
however, are  sorbed much more s tro n g ly , e le c t r o ly te s  being excluded
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almost t o t a l l y  by th e  Donnan p o te n tia l  [ 82]• This i s  most s tro n g ly  in  
evidence when re s in s  of high c ro ss - lin k in g  and c ap ac ity  are used; a 
d i lu te  e x te rn a l so lu tio n  and low valence of the  co u n te r-io n  enhances 
th i s  p o te n t ia l .  However, sp ec if ic  in te ra c t io n s  between the  exchanger
and th e  e le c t r o ly te  may dim inish th i s  e f f e c t ,  e .g .  the uptake o f P 0 ^ ~
+  2-  ions by H -form re s in s  by s i t e  sharing , due to  th e  fo rm ation  of HPO^
io n s .
Ion exchange between an e le c tro ly te  so lu tio n  and a r e s in  i s  
e s s e n t ia l ly  s to ich io m etric  and i s  r e v e r s ib le .  Thus, i f  an an ion ic  
r e s in  RA in  the A form i s  t r e a te d  w ith a s u f f ic ie n t  q u an tity  of a  
so lu tio n  co n ta in in g  B io n s , then  the fo llow ing eq u ilib riu m  i s  e s ta b lish e d ,
R+A + B (aqu) R+B + A (aqu ).
I f  A (aqu) i s  removed continuously  then  the re a c tio n  goes to  com pletion, 
as in  the column techn ique. On the o th er hand, in  th e  batch  method the
a|»  mm mm
r e s in  w i l l  e x is t  as an admixture of R A and R B . Both circum stances 
obey the Law of Mass A ction. The p o s itio n  o f eq u ilib riu m  i s  in flu en ced  
s tro n g ly  "by th e  s e le c t iv i ty  of the  r e s in  fo r  a p a r t ic u la r  io n . This 
s e le c t iv i ty  a r is e s  in  sev era l w ay s:-
(a) The Donnan P o te n tia l causes the s e le c tio n  of th e  co u n te r-io n  
of h igher valence, p a r t ic u la r ly  when the exchange cap ac ity  i s  high and 
the e x te rn a l s o lu tio n  d i lu te .
(b) The tendency of the r e s in  m atrix  to  c o n tra c t r e s u l t s  in  the
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se le c tio n  o f the sm aller (so lv a ted ) io n , which causes le s s  sw elling .
Very la rg e  co u n te r-io n s  may b© excluded by the 11 io n ic -s ie v e "  e f f e c t .
(c ) Io n -p a ir  o r complex form ation  may r e s u l t  in  the s e le c tio n  o f 
a p a r t ic u la r  io n .
The s e le c t iv i ty  i s  enhanced th e re fo re  by a high degree of c ro s s -  
lin k in g  in  the r e s in  m atrix  (o r low w ate r-reg a in  v a lu e ). The w ater-reg a in  
value i s  an a l te rn a t iv e  to  fo D.V.B. co n ten t as a fu n c tio n  r e f le c t in g  
pore s iz e .  I t s  use in  anion-exchangers i s  p re fe r re d  since th e re  i s  an 
unknown degree o f a d d itio n a l c ro s s - l in k in g  in troduced  during the  ch lo ro - 
m ethylation stage o f r e s in  manufacture (see  Section  I I ) .  W ater-regain 
may be defin ed  as the w eight o f w ater sorbed p e r gram of dry r e s in  in  
sp e c ifie d  io n ic  form.
In  g en era l, s e le c t iv i ty  i s  m ainly dependent upon th e  a c t iv i ty  
c o e f f ic ie n ts  o f the  io n s  in  concen tra ted  so lu tio n . For io n s  of a 
s im ila r  type the  in c re a s in g  o rder of a f f in i ty  o f a r e s in  fo r  a s e r ie s  
of ions i s  given by th e  decreasing  o rder of such a c t i v i t y  c o e f f ic ie n ts .
The r a t e  of a tta inm ent o f equ ilib rium  i s  an im portan t f a c to r  
in  the u se fu l a p p lic a tio n  of ion-exchange r e s in s .  The r a te  determ ining 
step  i s  the in te rd i f fu s io n  of th e  co u n te r-io n s . Boyd [ 83] has shown 
th a t  two such d iffu s io n  p ro cesses are  im portant :
(a )  P a r t ic le  d if fu s io n  w ith in  the r e s in .
(b) P a r t ic le  d if fu s io n  through the  adhering f ilm  o r  K ernst la y e r .
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The predominance of one or o th e r  o f the above p ro cesses  i s  
p e c u lia r  to  any given system . In  g en era l, however, th e  fo llow ing  
c r i t e r i a  a re  necessary  f o r  ra p id  exchangei-
(a) A r e s in  of small p a r t ic le  s iz e .
(b) E f f ic ie n t  mixing of the r e s in  w ith  the so lu tio n .
(c ) High co n cen tra tio n  of so lu tio n .
(d) Ions of sm all s iz e .
(e ) A r e s in  o f low c ro ss - lin k in g .
( f )  A high tem pera tu re .
S E C T I O N  II
EXPERIMENTAL
1. P rep ara tio n  o f  Ion Exchange R esins
2. Conditioning and C h a ra c te r isa tio n  o f Resins
3. P rep ara tio n  o f S o lu tions
4 . A n a ly tica l Methods
5# D eterm ination of R values
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I I .  1 . P rep ara tio n  of Ion Exchange R esins
I t  was r e a l is e d  th a t  r e s in s  o f  low c ro ss - lin k in g  (h igh  w ater-regain  
value (W.R.))  would be req u ired  in  the  study o f molybdophosphate io n s  by 
ion-exchange methods. Previous workers in  t h i s ,  and r e la te d  f i e ld s ,  
had n o ticed  th a t  s te r i c  h indrance occurred w ith  r e s in s  of high c ro s s -  
lin k in g  [2 1 ] .  Since r e s in s  w ith a maximum unifo rm ity  o f s tru c tu re  
were a lso  a requirem ent f o r  the system atic study of the e f f e c t  of r e s in  
p o ro sity  upon th e  en try  of th e  la rg e r  io n s, i t  was necessary  to  synthesize 
a la rg e  number of re s in s  covering a wide range o f p o ro s ity . The d iv in y l 
benzene c ro ss - lin k e d  po lysty rene  r e s in  has proved to  be the most in e r t  
s tru c tu re  to  d a te  and consequently  i t  was chosen as the in so lu b le  m atrix  
fo r  a l l  experim ental r e s in s .  Very recen t developments o f the poly­
sty rene based r e s in s  have r e s u l te d  in  a m atrix  of improved hom ogeneity 101].
The quaternary  ammonium c o n fig u ra tio n  was s e le c te d  as th e  io n ic  
group because of i t s  s tro n g ly  b asic  m onofunctional c h a ra c te r .
Manufacture of such r e s in s  i s  a th ree  stage process (see F i g . l ) .
(a ) Suspension co -po lym erisation  to  produce the  hydrocarbon beads.
(b) In tro d u c tio n  o f a methylene ch lo rid e  group by F r ie d e l-C ra f ts  
re a c tio n  w ith  ch lorodim ethyl e th e r .
(c) Amination o f th e  methylene group by aqueous trim ethylam ine.
The method fo llow s c lo se ly  th a t  of Pepper, P a is le y  and Young [ 91]
and i t s  m od ifica tion  by Cooper [ 21].
F i g u r e  I. S Y N T H E S I S  O F  ANIO NIC  R E S I N S
I. S U S P E N S I O N  C O - P O L Y M E R I S A T I O N
6 “"^> ^C H = C 2CH=CH.
-  C H -C H  - C  H -C H -C  H ~
c h - c h - c h -
CH CI.O.CH 
2 3
2. CHL ORO METHYLATION
3. AMINATION
(c h3 ) 3 n
- C H - C H - C H r C H - C H  -2 ^  2 j__ 2
CH Cl0
CH2CL -G H -C H -C H 2-
- C H - c H - C  H - C H - C H  '2 X  2 2 , +
CH N(CH ) Cl
CI.(CH3)3NCH2 - c h -C H -C H 2-
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P rep ara tio n  o f the co-polymer
The po lym erisa tion  was c a r r ie d  ou t in  aqueous suspension using  the  
apparatus shown in  F ig .2 . The suspension medium was prepared by
d isso lv in g  0 .5$  w/w. of prom ulsion (po lyv iny l a lcoho l) in  3 l i t r e s  of 
d i s t i l l e d  w ater, m ain tained  a t  ca . 80°C. The ap p ro p ria te  volumes of 
s ty rene  and d iv in y l benzene (54$ so lu tio n  in  e th y l benzene), f o r  a sp e c if ie d  
nominal d iv in y l benzene co n ten t, were mixed to  give a t o t a l  volume of 
ca . 750 ml. and th e  po lym erisa tion  in h ib i to r  removed by successive washings 
w ith 2N.NaOH, follow ed by d i s t i l l e d  w ate r. To the co-monomer m ixture 
1$ w/w. of benzoyl peroxide was added to  i n i t i a t e  the  po lym erisa tion  and 
the m ixture was tra n s fe r re d  to  the re a c tio n  v esse l con ta in ing  th e  ho t 
suspension medium. The s iz e  of the hydrocarbon beads was determ ined 
by the s t i r r i n g  r a te  and th i s  was ad ju sted  in  p relim inary  t r i a l  and e rro r  
experim ents to  give the maximum y ie ld  of beads o f a given s iz e .  The 
po lym erisa tion  was allowed to  continue f o r  e ig h t hours, and a f t e r  coo ling  
the ?<ret beads were s ieved . The f ra c t io n  B .S .S .25-44 mesh was re ta in e d . 
A fter v\rashing and a i r  drying, the beads were w h ite , b r i t t l e  and hydro- 
phobic.
C hlorom ethylation of the co-polymer
This re a c tio n  was c a r r ie d  out using the same, a l l  g la ss  appara tus, 
s u b s ti tu tin g  an e le c t r i c  h ea tin g  mantle f o r  th e  w a te r-b a th . The co-polymer 
(200 g .)  was allow ed to  sw ell overn igh t in  dry e th e r .  Anhydrous s tan n ic  
ch lo rid e  c a ta ly s t  (5$ w/w. based on the co-polymer) was d isso lv ed  in  a
V////77777A
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small q u a n tity  o f e th e r  and t ra n s fe r re d  to  the w e l l - s t i r r e d  s lu r ry .  The 
m ixture was brought to  the r e f lu x  tem perature of the  e th e r  (ca,56°C) and 
m aintained a t  t h i s  tem perature throughout the  re a c tio n . Samples of the  
r e s in  were withdrawn a t  predeterm ined in te rv a ls ,  f i l t e r e d  a t  the pump and 
washed w ith  m ethylated s p i r i t .
The oh lorom ethylation  s tage was d i f f i c u l t  to  c o n tro l  a s  the  
re a c tio n  can proceed beyond m onosubstitu tion . In  ad d itio n , f u r th e r  
c ro ss - lin k in g  could  be in troduced  as fo llow s :
The e f fe c t  o f th i s  a d d itio n a l c ro s s - lin k in g  was u se fu l inasmuch as 
i t  provided a range o f re s in s  w ith  s im ila r  bu t n o t id e n t ic a l  p o ro s ity  f o r  
a given i n i t i a l  d iv in y l benzene co n ten t. Examination o f the curves 
r e la t in g  to  w a te r-reg a in  w ith  ohlorom ethylation time showed th a t  the  W.R, 
r i s e s  i n i t i a l l y  and then fa lls *  because of the a d d itio n a l c ro s s - l in k in g  
in troduced  (F ig . 3)* This was most marked w ith  r e s in s  o f low d iv in y l 
benzene co n ten t. A ll r e s in s  used in  the  experim ental work were taken  
from the n eg a tiv e  slopes of such curves (see F ig . 3)> since a s e r ie s  of 
r e s in s  of (a) uniform  s tru c tu re  and (b) a narroT/ bu t la rg e r  cap ac ity  
range, v/ere o b ta in ed .
+ HC1
F i g u r e  3.  e f f e c t  o f  c h l o r o -  
m e t h y l a t i o n  t i m e  o n  w a t e r
R E G A I N  ( R E F .  T A B L E  a )
I ° /o D.V. B-
x
2-5  ° /o  D.V. B.
5 %  D.V. B.
1 0 %  D.V.B. 
5J_____ L42 3 J.
H O U  R S
—A m ination.
The chlorom ethylated  re s in  samples were t r e a te d  w ith  an excess of 
aqueous trim ethylam ine so lu tio n  (40^ w/w.)* The re s in s  were allowed to
stand overnight before  being  n e u tra lis e d  w ith  5N hydroch loric  ac id .
A fter t h i s  they were conditioned  as described  in  Section  I I . 2. F in a lly  
they were spread out and a i r  d r ie d . The f in ish e d  p roducts v a ried  from 
c o lo u rle ss  to  pale-brown and were hydrophy llic , tra n s lu sc e n t beads. A 
l i s t  o f r e s in s  prepared i s  shown in  Table A*
Although p rev ious workers had been able to  d r y  s im ila r  anion ex­
changers a t 95°C overn igh t o r  a t  h igher tem peratures f o r  sh o rte r  periods
[1 8 ,2 1 ] , i t  was found th a t  such tre a tm e n t prevented th e i r  subsequent use 
in  the study o f molybdophosphate so lu tio n s  a t  pH 1-2 , s ince they caused th e  
p re c ip i ta t io n  o f a yellow  o r  w hite s o l id .  This e f f e c t  was most marked 
w ith  r e s in s  o f low w a te r-re g a in . A nalysis o f the  yellow  p re c ip i ta te  
showed th a t  i t  con ta ined  molybdenum 59*6$* b u t no ammonia, ch lo rid e  o r 
phosphate. The common hydrated molybdic oxides are  :
IfoO^.HgO, Mo ( c a l c . ) = 5 9 .%  MoO^HgO, M o(calc.) = 53.9$ [ 8A] 
H e lfe rr ic h  f 82] i s  of th e  opinion th a t s trong base anion exchangers de­
te r io r a te  above about 60°C. I t  was considered , th e re fo re , th a t  the therm al 
degradation  of the  f ix e d  io n ic  group, CHg.(CH^)^.N4" in  the  r e s in ,  c a ta ly sed  
the p r e c ip i ta t io n  of hydrated  molybdic o x ide . The r e s t r i c t io n  to  the  e n try  
o f the la rg e  molybdophosphate ions caused a d istu rbance in  the so lu tio n  
e q u ilib riu m  th u s  enhancing the p re c ip i ta t io n  o f molybdic oxide i n  the  
presence o f low w a te r-reg a in  r e s in s .
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TABLE A
Composition and c h a ra c te r is t ic s  of the  lab o ra to ry  
prepared anion exchangers
Resin D.V.B. % Chlorom ethylation 
time (hours)
W ater-
Regain
1 ' 1 ' '■ - T
C apacity m .equivs.
ciVg.
A1 10 i 0.60 2 .4 5
A2 10 2
' 0.75
2 .2 1
A3 10 3 0.74 3.45
A4 10 4 0.71 4 .0 4
A5 10 4*6 0.72 3 .9 1
A6 5 2 1.23 3*44
A7 5 2.6
.
1.27 3.83
A8 5 2 1.20 3.44
A9 5 2.5 1.31 3.91
: 10 5 3 .5 1.24 4.16
n 5 4 .5 0.90 3.69
12 3 6.23 0.93 4.43
13 1 1 6.27 3 .5 4
14 1 1.5 7 .2 4.02
13 1 2 .0 6 .6 4 4.17
16 1 3 .0 5 .9 4 4 .4 6
17 1 3.75 5.70 4 .5 4
18 1 5.5 4.33 4.69
19 2,5 1 0 .8 4 1 .74
20 2.3 1.67 1.37 2.74
21 2.5 2.5 2.1 3 .34
22 2.5 3.5 2 .5 3.72
23 2.5 4 .8 2 .4 4.11
24
...... i
5 .5 i
_______________________________________
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X6SIS_A.(Contd.)
Resin D.V.B. $ Chlorom ethylation Water C apacity  m .equivs.
time (hours) Regain ] c i ' / g . ..................
A25 4 0.75 0.95
26 4 1.25 i -
27 4 2.00 1.37 3 .1 7
28 4 2 .7 5 1.65 -
29 4 3 .5 0 - -
30 4 4*25 1 .6 7 3 .2 3
31 2 0 .5 0.43 -
32 2 1.2 - -
33 2 1 .7 1.33 -
34 2 2.6 2.17 -
33 2 3 .1 2.96 -
36 2 3.7 3 .0 6 -
37 2 4 .5 3.20 3 .4 6
38 1?
?
?
?
1
?
1.0 0 .4 -
39 1 .5 1.05 -
40 2.75 13.3 -
h i 3.75 18.5 -
42 4.75 18.5 3.38
43 0 .5 ** -
44 1 .0 16.5 4.41
45 12 1.5 15.1 3.35
46 1£
£
1
£2
2.0 13.7 -
47 2.5 1 3 .0 4.81
48 3 .0 11.8 4.09
49 4 .5 11.0 -
50 5 .5 9 .8 3.45
51 1 1 .0 6 .6 4 3.68
52 1 1 .5 6.15 -
53 1 2.0 5 .84 -
54 1 2.5 5.53 -
55 1 3 .0 5.25 4 .34
56 1 3 .5 5 .0 -
57 1 4 .0 4.86 3 .84
58 1 4.75 4.22 -
59 1 5 .8 - -
60 1 ?
?
?
?
?
?
2
0.37 - -
61 O.6 7 - -
62 1 .0 — -
63 1.33 -  . -
64 1.67 17.0 -
65 2.00 16.5 -
66 2.67 15.0 -
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I I . 2 Conditioning and C h a ra c te r isa tio n  o f Resins
As w ell as the range of anion r e s in s  prepared ( i l . l )  some commercial 
r e s in s  were used in  the i n i t i a l  experim ents. They were supp lied  in  the  
c h lo rid e  form. A ll r e s in s ,  i r r e s p e c t iv e  of th e i r  source, are  l ik e ly  to  
co n ta in  contam inants from the  fo llow ing sources
(a ) the  ohlorom ethylation  c a ta ly s t ,
(b) h y d ro ly s is  products of the  e th e r ,
(c ) sh o rt chain  polym ers,
(a) fragm ent of r e s in  beads.
To remove these  im p u ritie s  a l l  r e s in s  were co n d itio n ed . The 
re s in  was loaded in to  a la rg e  column f i t t e d  w ith  a s in te r  a t one end, 
and backwashed w ith  d i s t i l l e d  w ater u n t i l  the e f f lu e n t was c le a r .  The 
flow was rev e rsed  and a considerab le  excess o f 3N. hydroch lo ric  ac id  
was passed  slowly through the beads f o r  2-3 hours. The conditioned  
r e s in  was washed d i r e c t ly  w ith  d e -io n ised  w ater from a mixed bed column 
tak ing  care  th a t  a l l  a i r  was excluded. When the washings gave a negative 
t e s t  fo r  c h lo rid e  io n , using the  s i lv e r  n i t r a t e  t e s t  on a la rg e  bulk o f 
washing e f f lu e n t ,  the  r e s in  was quickly f i l t e r e d  a t  the  pump and t r a n s ­
fe r re d  on to  b lo t t in g  paper and a i r  d r ie d . Where the n i t r a t e  form of 
the  r e s in  was req u ired , 3N n i t r i c  a c id  was s u b s ti tu te d  fo r  the hydroch loric  
ac id .
Cation exchange re s in s  (ZeoKarb 223) were used in  bo th  th e  hydrogen
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and sodium form fo r  the p re p a ra tio n  o f stock so lu tio n s  in  the  experim ental 
work. The co n d itio n in g  of these r e s in s  fo llow ed a s im ila r  p a t te rn  to  
th a t  described  fo r  the anion exchangers. To o b ta in  the  sodium form, 3N. 
sodium ch lo rid e  was used a f te r  g iv ing  the r e s in  an i n i t i a l  wash w ith  
hydrochloric ac id  to  remove tra c e s  o f i r o n ( l l l )  f req u e n tly  p re sen t in  
commercial r e s in .  Both forms o f the c a tio n  exchange r e s in  were a i r  d r ie d . 
A ll r e s in s  were s to red  in  stoppered  b o t t le s  f o r  subsequent u se .
The cap ac ity  of a r e s in  r e f e r s  to  the  number o f a c tiv e  s i t e s  p er 
u n it  weight and i s  expressed most conven ien tly  as m ill i-e q u iv a le n ts  per 
gram of dry r e s in ,  the io n ic  form being s ta te d .  The main bulk  o f the  
experim ental work was c a r r ie d  ou t using c h lo rid e  form r e s in s .  Apart from 
some ea rly  e s tim a tio n s  u t i l i s i n g  th e  Mohr techn ique, i t  was found more 
convenient to  adopt the  m ercuric n i t r a te  method, since i t  was app licab le  
d i r e c t ly  to  the  es tim atio n  of ch lo rid e  in  molybdophosphate so lu tio n s  a t  
low pH. In  t h i s  method, a known w eigh t o f th e  r e s in  was t ra n s fe r re d  to  
a sm all column, a f u l ly  swollen in  d e -io n ised  w ate r, A f iv e - fo ld  excess 
of sodium n i t r a t e  so lu tio n  was passed through th e  re s in  column and the 
so lu tio n  con ta in ing  the  d isp lace d  c h lo rid e  was t i t r a t e d  d i r e c t ly  w ith 
standard  m ercuric n i t r a te  u sing  10% aqueous sodium n itro p ru ss id e  as 
in d ic a to r ,  Y/here r e s in s  in  the n i t r a t e  form were used, a la rg e r  weight 
of the  r e s in  was s tr ip p e d  w ith  excess sodium ch lo rid e  so lu tio n  and the  
e f f lu e n t made up to  su ita b le  volume. The n i t r a t e  in  convenient samples 
of th i s  so lu tio n  was determ ined by a m odified K jeldah l techn ique , as
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d escribed  in  S ection  11*3*
The c a p a c it ie s  of re s in s  in  the hydrogen form were determ ined on 
s u ita b le  w eights o f th e  a i r  d ried  m a te r ia l. The r e s in  was f i r s t  swollen 
in  a sm all volume o f w ater, and then 1 g . o f sodium n i t r a t e  added and 
the m ixture allow ed fo r  stand f o r  5*10 m inutes. The re le a sed  hydrogen
io n  was estim ated  by standard  a lk a l i  t i t r a t io n *
A ll r e s in s  were a i r  d ried  and th e  cap ac ity , s in ce  i t  i s  defined 
on a r e s in  weight b a s is ,  v a ried  w ith  the w ater con ten t o f the re s in s*
To avoid th e  e r ro rs  a r is in g  from the s l ig h t  changes in  w ater content 
as successive samples of the re s in  were used over a long p e rio d  o f tim e, 
th e  cap ac ity  was redeterm ined  a t  freq u en t in te rv a ls  throughout the  ex­
perim en ta l work*
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I I . 3 P rep ara tio n  of S o lu tions
A la rg e  p ro p o rtio n  of the work on the  molybdophosphate system was 
c a r r ie d  out using  so lu tio n s  co n ta in in g  molybdenum to  phosphorus in  the  
r a t io  12 s 1« Such so lu tio n s  were p repared  from reag en t grade sodium 
dodeca-molybdophosphate. By d isso lv in g  th i s  m ate ria l in  warm w ater,
so lu tio n s  up to  0.5M in  molybdenum were p repared . Prom th i s  stock
so lu tio n  t e s t  so lu tio n s  were prepared by d i lu t io n ;  a 0.1M in  Mo so lu tio n  
had a pH of 6 .1 . S o lu tions con ta in ing  the f re e  h e te ro p o ly ac id  were
4
prepared  from the stock so lu tio n  by c a tio n  exchange w ith  a H -form r e s in  
(ZeoKarb 225# 5% d iv in y l benzene). The r e s in ,  cond itioned  as described  
in  S ec tio n  I I . 2, was loaded in to  a la rg e  column and f u l ly  sw ollen  in  
d e -io n ized  w ater. The so lu tio n  of the  sodium s a l t  was passed slowly 
down the column a t  1 l i t r e / h r . ,  the appearance of th e  a c id  so lu tio n  a t  
the fo o t  o f  the column being s e lf - in d ic a t in g  by th e  in ten se  yellow  
co lour of the h e te ro p o ly ac id . The f lo w -ra te  was ad ju s ted  to  m aintain 
the b r ig h t  yellow  co lo u r, too slew a r a te  caused the  so lu tio n s  to  take 
on a g reen ish  tin g e , owing to  tra ce  red u c tio n  of the molybdenum(Vl) by 
th e  ion-exchanger. Resins co n ta in in g  a h igher fo d iv in y l benzene pro ­
duced a s im ila r  e f f e c t .  S o lu tio n s  ranging from 0.08M to  0.4M in  
molybdenum were prepared  in  t h i s  way, varying in  pH from 1 .8  -  1 .5  
re sp e c tiv e ly . The r a t io  Mo : P in  such so lu tio n s  was found to  be ju s t  
below the  expected value of 12 : 1 the discrepancy being g re a te r  w ith
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the more concen tra ted  s o lu tio n s . In  such so lu tio n s  th e  r a t io  Mo s P 
was ad ju s ted  to  th e  req u ired  value by the ad d itio n  of molybdic ac id  
so lu tio n , prepared  as  describ ed  l a t e r  in  t h i s  S ec tio n . The so lu tio n s  
con ta in ing  th e  f re e  h e te ro p o ly ac id  were s ta b le  and could  be k ep t fo r  
s e v e ra l months i f  s to re d  in  the  dark .
In the  course o f the work so lu tio n s  o f pH in te rm ed ia te  between th a t  
of the sodium s a l t  so lu tio n  and the free  ac id  so lu tio n  were req u ired .
These were p repared  by a d ju s tin g  the co n cen tra tio n  o f  molybdenum in  
both  so lu tio n s  to  the d e s ire d  experim ental value and mixing th e  two so lu tio n s  
in  app ropria te  volumes to  give th e  d e s ire d  pH. Where pH values o u tsid e  
t h i s  range were req u ired , sodium hydroxide o r n i t r i c  ac id  so lu tio n s  were 
added, a s  a p p ro p ria te .
S o lu tions o f molybdic ac id  were prepared  in  a s im ila r  fash io n  to  
th e  h e te ro p o ly ac id . S ta r tin g  w ith  a so lu tio n  o f sodium molybdate, 
a n a ly t ic a l  grade Na^MoO^.2 ^ 0 ,  c a tio n  exchange w ith  a H+ -form  re s in  
produced so lu tio n s  up to  Q.3M in  molybdenum. These were u su a lly  very 
pale  b lu e , owing to  th e  tra c e  red u c tio n  o f  Mo(Vl) by the r e s in .  This 
could  be la rg e ly  o f f - s e t  by an in c rea se d  flow  r a t e  bu t a t  the expense 
of th e  a c id  y ie ld .
When the  so lu tio n s  were req u ired  con ta in ing  Mo : P r a t io  of 
<  12 : 1 , they were p repared  by mixing su ita b le  volumes of molybdic ac id  
so lu tio n  and d i lu te  orthophosphoric a c id . The l a t t e r  was prepared  by
d ilu t io n  o f a n a ly t ic a l  grade orthophosphoric a c id . Where r a t io s  of 
^>12 : 1 were req u ired , th e  ap p ro p ria te  volume o f molybdic ac id  was added 
to  the h e te ro p o ly ac id  so lu tio n .
The pH of th e  mixed ac id  so lu tio n s  was ad ju sted  to  the d e s ire d  
value by ad d itio n  o f sodium hydroxide o r n i t r i c  a c id  s o lu tio n s .
A sm aller p o r tio n  o f the work d escrib ed  concerned exchange ex­
perim ents w ith  so lu tio n s  co n ta in in g  the 6-m olybdoferrate an ion . The 
most u se fu l s ta r t in g  m a te r ia l was found to  be  the  ammonium s a l t  
(NH4 )3[ Fe0g.Mo6015] 7H20, s ince  i t  could be r e a d ily  prepared  in  la rg e  
q u a n t i t ie s .  The corresponding sodium s a l t ,  although more so lub le  than  
th e  ammonium s a l t ,  could no t be p repared  in  th e  q u a n ti t ie s  demanded by 
the  proposed in v e s t ig a t io n .
S u itab le  so lu tio n s  were prepared  by ca tio n  exchange between a 
w e l l - s t i r r e d  suspension of the sp a rin g ly  so lub le  ammonium s a l t  and a 
Na -form  r e s in .  When so lu tio n  was com plete, the supernatan t so lu tio n  
was decanted in to  a column loaded w ith  fu r th e r  Na -form  r e s in  and the  
c o lo u r le ss  e f f lu e n t c o lle c te d  in  a s u ita b le  c o n ta in e r, to g e th e r w ith 
the washings from the  re s id u a l r e s in ,  s im ila r ly  t r e a te d .  The pH o f a 
so lu tio n , 0.1M in  Mo, was 3*5 o*id con ta ined  molybdenum and i r o n ( l l l )  in  
the r a t io  7*3 s 1 bu t was f re e  of th e  ammonium io n . The w ater washed 
r e s in  con ta ined  much ammonium ion  and some i r o n ( l l l ) ,  d e tec ted  by th e  
potassium  th iocyanate  t e s t .  I t  was found p o ssib le  to  reduce the pH of
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t h i s  so lu tio n  to  2 ,5  by th e  c o n tro lle d  ad d itio n  of small q u a n ti t ie s  of 
H -form  r e s in  to  the w e l l - s t i r r e d  so lu tio n . At t h i s  pH a * me te s ta b le*  
so lu tio n  was produced, from which a yellow  p r e c ip i ta te  was formed a f t e r  
s tanding  fo r  two weeks. However, ad d itio n  o f an anion-exchanger to  
th is  so lu tio n  caused the  immediate p r e c ip i ta t io n  o f th e  same yellow  
s o lid ,  and was th e re fo re  v a lu e le ss  as an experim ental so lu tio n . The 
p roduction  of so lu tio n s  a t  pH values o th e r than 3*5 was e f fe c te d  by the 
c o n tro lle d  ad d itio n  o f  n i t r i c  ac id  o r sodium hydroxide so lu tio n s . The 
s t a b i l i t y  of so lu tio n s  con ta in ing  the  6-m olybdoferrate anion to  change 
in  pH i s  d iscussed  in  more d e ta i l  in  S ection  V.2.
Throughout the  work, a l l  so lu tio n s  p repared  as described  above, 
were analysed befo re  and a f t e r  e q u il ib ra t io n  w ith  the anion exchange 
r e s in s .
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IX,4 A n aly tica l Methods
Both the  source m a te r ia ls  and the  t e s t  so lu tio n s  were analysed 
using  the fo llow ing methods.
Molybdenum
This element was always p re se n t as molybdenum(VI) .  A ll analyses 
were c a r r ie d  out by red u c tio n  follow ed by a redox t i t r a t i o n .  An a liq u o t 
of the so lu tio n  was a c id if ie d  w ith  2% su lphuric  ac id  and passed down a 
Jones Reductor co n ta in in g  amalgamated zinc shot ( l 6-30  mesh) and the  
r e s u l t in g  green s o lu tio n , con ta in ing  m olybdenum(lll) was c o lle c te d  in  
a c id if ie d  f e r r i c  alum so lu tio n . By t h i s  procedure, a e r i a l  o x ida tion  
o f m olybdenum(lll) was prevented, i r o n ( i l l )  o x id is in g  the form er to  red  
molybdenum(V), an eq u iv a len t amount o f i r o n ( l l )  being re le a se d . The r e ­
s u lta n t  so lu tio n  was t i t r a t e d  w ith  standard  potassium  permanganate 
so lu tio n  which o x id ised  both  ions to  c o lo u r le ss  molybdenum(VT) and 
i r o n ( l l l )  r e sp e c tiv e ly , the l a t t e r  being masked by th e  ad d itio n  o f phos­
phoric  a c id  to  the so lu tio n . Since the  o v e ra ll  o x id a tio n  was 
M o (lll)  — Mo(Vl),  the molybdenum co n cen tra tio n  was r e a d i ly  c a lc u la te d .
The presence of orthophosphate ions d id  no t in te r f e r e  w ith  the 
procedure . When ch lo rid e  and n i t r a t e  were p re sen t these  were removed 
by hea ting  an a liq u o t of the t e s t  so lu tio n  w ith  c o n cen tra ted  su lp h u ric  
a c id  u n t i l  fumes of sulphur t r io x id e  were given o f f ,  before con tinu ing  
the  red u c tio n .
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In  so lu tio n s  o f molybdenum con ta in ing  i r o n ( i l l ) ,  the t o t a l  number 
o f e q u iv a le n ts  o f  reducing agent was determ ined in  the  reduced so lu tio n . 
The iro n  ( H i )  con ten t was determ ined, as  below, and molybdenum estim ated  
by d if fe re n c e .
Phosphorus
This was determ ined as orthophosphate* Some analyses during the 
e a r l i e r  p a r t  of the work were c a r r ie d  out using a grav im etric  method, 
the phosphate being weighed as  ammonium phosphomolybdate.
A conversion f a c to r  was determined fo r  the p r e c ip i ta te  under the  
p re c ise  experim ental co n d itio n s , s in ce  th is  f a c to r  v a r ie s  s l ig h t ly  w ith  
the co n d itio n s  of p r e c ip i ta t io n ,  washing and dry ing  [ 51]• The t e s t  
so lu tio n s  were v a ria b le  p a r t ic u la r ly  in  th e  molybdenum con ten t and pH 
and t h i s  method of estim ating  phosphorus gave poor re p ro d u c ib i l i ty  under 
o e r ta in  co n d itio n s . In  a d d itio n , i t  was found necessary  to  remove 
ch lo rid e  iro n s , as s i lv e r  ch lo rid e , p r io r  to  the  p re c ip i ta tio n  of 
ammonium phosphomolybdate. Although to le r a n t  to  the sm all excess o f 
s i lv e r  io n s  p re se n t, the a d d itio n a l p r e c ip i ta t io n  was no t favourable to  
accu ra te  phosphate a n a ly s is .
The spec tropho tome t r i e  method due to  A llen  [ 92] was adopted.
This procedure depends upon the red u c tio n  o f molybdenum(Vl) in  the 
presence of orthophosphate ions to  produce "molybdenum b lu e” . This 
system was shown to  obey Beerf s Law over the co n cen tra tio n  range
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0 .04  •  0.2a.*noles P p e r l i t r e .  The fo llow ing m odified procedure was 
adopted [ 92] •
An a liq u o t of th e  su ita b ly  d i lu te d  t e s t  so lu tio n , con ta in ing  
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between 1-5 x 10 m.moles phosphorus was p ip e tte d  in to  a 25 nil. f la s k  
and 2 ml. of co ncen tra ted  p e rc h lo ric  ac id  added. To th i s  was added 2 ml* 
o f f re s h ly  prepared  Amidol reagen t follow ed by 1 ml. o f 8.5% ammonium 
molybdate so lu tio n . The Amidol reagen t was prepared by d isso lv in g  1% w/v 
of 2 .4  diam ino-phenol hydrochloride in  20% w/v sodium b is u lp h i te  so lu tio n  
and using  the f i l t e r e d  so lu tio n . A fte r s tanding  fo r  f i f t e e n  minutes 
th e  o p tic a l  d en s ity  was read a t 750 using a re d  f i l t e r .  A so lu tio n  
of th e  reag en ts  was used as a re fe re n c e . The b lue co lo u r was f u l ly  
developed w ith in  f iv e  m inutes and was s tab le  fo r  a t  l e a s t  h a lf-an -h o u r.
The phosphorus co n cen tra tio n  was read  from a c a l ib ra t io n  curve c o n s tru c ted  
from so lu tio n s  o f known phosphorus co n cen tra tio n . A ll read ings were 
c a r r ie d  ou t using a Unicam SP500 spectrophotom eter and 10 mm. matched 
s i l i c a  c e l l s .  C hloride and n i t r a t e  ions do not in te r f e r e  in  small 
q u a n t i t ie s  [ 92] • In  so lu tio n s  con ta in in g  much n i t r i c  a c id , th i s  was re ­
moved by adding p e rc h lo r ic  ac id  and h ea tin g  to  near dryness before con­
tin u in g  w ith  the a n a ly s is .
C hloride
The de term ina tion  of the  c h lo rid e  cap ac ity  o f anion exchange r e s in s  
has been d iscu ssed  in  I I . 2. The co n cen tra tio n  of c h lo rid e  in  the
experim ental so lu tio n s  was estim ated  s im ila rly #  The m ercuric n i t r a t e  
so lu tio n  was s tan d a rd ised  ag a in s t sodium c h lo rid e , using  10$ aqueous 
sodium n itro p ru ss id e  as  the in d ic a to r .
The grav im etric  and Volhard methods f o r  determ ining ch lo rid e  in  
the  experim ental so lu tio n s  were in v e s tig a te d  b u t the  c o -p re c ip i ta t io n  
o f c o l lo id a l  molybdic oxide w ith  s i lv e r  ch lo rid e  in te r f e r e d  w ith  these  
p rocedures. In  the  g rav im etric  method th e  p r e c ip i ta te  was d i f f i c u l t  
to  coagulate  and f i l t e r  su c c e ss fu lly , and a double p r e c ip i ta t io n  was 
necessary  to  remove the molybdic oxide. The same d i f f i c u l ty  in  
coagu la ting  the  p r e c ip i ta te  produced considerab le  "end-poin t" tro u b le s  
in  the Volhard method.
Iron
This element was always p resen t as i r o n ( l l l ) .  When sm all q u an ti­
t i e s  of iro n  were p re se n t, the spectrophotom etric method due to  Bandemer 
and Schaible [ 94,95] was adopted. This procedure depends upon th e  forma­
t io n  o f  the red  fe rro u s  o -phenonthroline complex a t  a s p e c if ic  pH*
This system has been shown to  obey B eer’s Law. The fo llow ing procedure 
was adopted to  overcome the in te r fe re n c e  due to  molybdate ions below 
pH 5 .5 .
A su ita b le  a l iq u o t o f the t e s t  s o lu tio n , con ta in ing  0 - 0 . 2  mg. 
of iro n  was t r a n s f e r r e d  to  a 25 ml. volum etric f la s k .  A q u an tity  of 
sodium c i t r a t e  so lu tio n  (20$ in  w ater) was added to  b r in g  th e  pH to  c a .8 ,
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th e  volume predeterm ined on a t e s t  sample, to g e th e r  w ith  1 ml* o f 1% 
aqueous hydroquinone to  reduce i r o n ( l l l )  to  i r o n ( l l ) .  A fte r adding 1 ml# 
of 1% aqueous o -phenanthro line th e  so lu tio n  was allowed to  stand  fa r  one 
hour to  allow  th e  co lour to  develop. The so lu tio n  was made up to  the 
volume and the o p t ic a l  d en s ity  determ ined a t  508 mju. From a c a l ib ra t io n  
curve, th e  co n cen tra tio n  of iro n  in  the t e s t  so lu tio n  was c a lc u la te d .
The c a l ib ra t io n  curve was co n s tru c ted  using so lu tio n s  con ta in ing  a known 
weight of i ro n . The presence o f raolybdate io n s , p resen t as sodium 
molybdate, was shown to  have no e f f e c t  upon the  c a l ib ra t io n  provided 
th a t  th e  pH was s u ita b ly  c o n tro lle d . The co n cen tra tio n  of molybdate 
employed was s im ila r  to  th a t  e x is t in g  in  the experim ental s o lu tio n s .
The Unicam SP500 spectrom eter was employed as described  under phoephorus 
a n a ly s is .
When la rg e r  q u a n ti t ie s  of i r o n ( l l l )  were p re se n t, a s  in  the 
a n a ly s is  o f ammonium 6-m olybdoferrate, the standard  g rav im etric  procedure 
was adopted, the iro n  being weighed as f e r r i c  oxide.
N itra te  and ammonium
The e s tim a tio n s  f o r  n i t r a t e  were c a r r ie d  out by a m odified 
K je ldah l technique using a bank o f s ix  g la s s - jo in te d  d i s t i l l a t i o n  u n i ts .  
A liq u o ts  of the  t e s t  so lu tio n  were d ig es ted  w ith concen tra ted  sodium 
hydroxide so lu tio n  during  which the n i t r a t e  was reduced to  anmonia by 
f in e ly  powdered Devarda1 s A lloy. The ammonia so formed was b o ile d  o f f
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v is  condensers in to  s tandard  ac id  and the excess o f th i s  t i t r a t e d  w ith  
s tandard  a lk a l i  to  give the n i t r a t e  co n cen tra tio n  by d iffe ren ce  c a l ­
c u la tio n .
Ammonium was determ ined s im ila r ly , om itting  the use o f Devarda’ s
A lloy.
Phosphoric ac id  so lu tio n s
S tan d a rd isa tio n  of phosphoric ac id  so lu tio n s  was c a r r ie d  out by 
pH t i t r a t i o n  using  a s tandard  a lk a l i  so lu tio n ,
pH Measurements
A ll measurements were made on an E .I.L *  d i r e c t  reading  pH meter 
a t  room tem perature, u sing  a s tandard  g la s s  e lec tro d e  in  con junction  
w ith a ca lo m el-sa tu ra ted  KC1 h a l f - c e l l .  The system was su ita b ly
stan d a rd ised  a g a in s t b u ffe r  so lu tio n s  befo re  use.
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I I . 5 D eterm ination o f R-value
The R-value of an oxy-anion, as defined  by E verest and Salmon [7 2 ] ,
g ives the  number of m etal atoms in  th e  io n  per u n it  io n ic  charge; th u s
2*
the molybdate ion  MoO  ^ has an R(Mo) value of ^  m 0 .5  whereas i t s  pro­
to  nated  form has a value o f j  « 1 . Since i t  i s  a r a t io  the K-value 
cannot o f i t s e l f  y ie ld  an em pirica l form ula, nor can i t  d is t in g u is h  between 
one ion  and a polymer of th a t  io n ,
Polynuclear oxy-ions are  b u i l t  up u su a lly  by a condensation re a c tio n  
w ith the e lim in a tio n  o f w ater and th e re  i s  a corresponding change in  
R-value as pro tons are  consumed. This makes i t  p o ss ib le  to  fo llow  the  
course of the  re a c tio n , e,g*
2Cr0,2“ + 2R* = =  Cr20 2~ + HgO
R = 0 .5  R » 1 .0 .
P ro to n a tio n  o f these ions would a lso  r e s u l t  in  the  change of th e  
R -value. This technique has been used su c ce ss fu lly  to  study such complex 
oxy-anions as germanates [7 2 ] ,  b o ra te s  [73]* a rsen a tes  [7 4 ] ,  t e l lu r a t e s  [75] 
and m olybdates [ 2 1 ] , in  a d d itio n  two h e te ro p o ly ac id  systems have been 
s tu d ied , th e  vanadophosphates [ 76] and tu n g s to - s i l ic a te s  [77]*
I t  has been dem onstrated [78] by s tu d ie s  on sim pler oxy-anions th a t  
good c o r re la t io n  can be expected between e xperim ental and expected R-values 
in  the reg io n s  where th e re  was no ra p id  change in  th e  n atu re  o f th e  io n ic
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sp ec ies  p re sen t in  the so lu tio n  and where one sp ec ies  was predom inant.
The systems s tu d ied  e i th e r  undergo condensation o r p ro to n a tio n  w ith  
changing pH and were o x a la te , su lp h a te , s e le n a te , a rse n a te , phosphate, 
dichrom ate-chrom ate and p e r io d a te . The pH range over which one io n  p re­
dominated was in d ic a te d  approxim ately by the  pH range o f th e  p la te a u  
ob ta ined  in  the p lo t  of the  R-value ag a in s t pH, The c o r re la t io n  between 
th e  th e o re t ic a l  and p r a c t ic a l  values o f R in  th e  reg ion  where the  sp ec ies  
p re sen t was changing ra p id ly  w ith  pH was le s s  s a t i s f a c to ry .  I t  was no t 
p o ss ib le , w ithout a knowledge o f th e  r e la t iv e  a f f i n i t i e s  of the io n s  f o r  
the re s in  and th e  a c t i v i t i e s  of the  ions w ith in  the re s in ,  to  d e r iv e  the  
p re c ise  r e la t iv e  amounts o f two (o r more) ions p re sen t in  so lu tio n  from 
the experim ental R -values. The ex is ten ce  of p la te a u x  in  the experim ental 
R-curves was taken  to  be a r e l ia b le  guide to  th e  n a tu re  of the predominant 
sp ec ies  p resen t in  so lu tio n ,
R-value, o r  i t s  re c ip ro c a l ,  has been determ ined in  a number o f ways, 
such as by pH t i t r a t i o n ,  co nductim etric , spectrophotom etric measurements, 
w ith  vary ing  degrees o f success on th e  molybdophosphate system ( l , l ) .  Io n - 
exchange, due to  i t s  wide range of a p p lic a t io n ,o f fe rs  an e x c e lle n t method 
fo r  the determ ination  o f R, as  y e t u n tr ie d  on th e  molybdophosphate system . 
When a complex oxy-anion i s  removed from a system by a s trong-base  
anion exchanger in  th e  c h lo rid e  form, th e re  i s  an eq u iv a len t re le a se  o f 
c h lo rid e  io n s  in to  the so lu tio n . I f  the complex anion i s  rep re sen te d  by
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, then the fo llow ing  equ ilib rium  w i l l  e x is t ,
* .C l" + H X 0 z~ zCl” + H X 0 z“  . . .  (1)w x y  n w x y .
where b a rred  spec ies  re p re se n t the  species in  the re s in  phase. By 
a n a ly s is  f o r  the m etal atom X in  so lu tio n  b efo re  and a f t e r  e q u il ib ra t io n , 
th e  t o t a l  amount o f m etal sorbed in  an ion ic  form can be c a lc u la te d . The 
R-value of t h i s  ion  can then  be expressed by s
ft -  £  -  g.atom s X, sorbed by r e s in
z ~ equivs. of Cl in  so lu tio n  f in a l ly
In  the  p a r t ic u la r  case o f the  heteropoly  sp ec ies  involv ing  phos­
phorus and molybdenum, th e  anion may be rep re sen ted  by H^P^Mo^y2 ,
whence two R -values may be determ ined, R(P) = and R(Mo) a byz s
analysing  fo r  phosphorus and molybdenum. This makes a c lo se r  d e f in it io n  
o f a molybdophosphate anion p o s s ib le .
In  th e  batch  technique fo r  tne determ ination  o f R, the r e s in  i s  
allowed to  come to  eq u ilib riu m  w ith  the  solution* I t  i s  necessary  to  
determ ine the  amount of ch lo rid e  re le a se d  a t  eq u ilib riu m . Changes in  pH 
may be measured a t  th e  same tim e. These fre q u en tly  occur when the e q u i l i ­
brium between complex anions i s  d is tu rb e d , e .g . th e  p reference  o f the  r e s in  
f o r  a p a r t ic u la r  sp ec ie s  due to  d iffe re n c e  in  charge o r charge d e n s ity .
A s im ila r  pH change can be produced by th e  io n ic  sieve  e f f e c t  (1 .4 ) and 
a t  th e  same tim e th e  cap ac ity  o f the  re s in  i s  no t f u l ly  u t i l i s e d  [2 1 ] .
The use of the  column technique re q u ire s  a la rg e  excess o f the
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t e s t  so lu tio n  to  be passed slowly through a known w eight o f r e s in ,  p re­
sw ollen in  d e -io n ised  w ater. The equ ilib rium  in  equation  ( l )  i s  d isp laced  
f u l ly  to  the r ig h t  and the equ ilib riu m  pH i s  th a t  o f the  in f lu e n t .  The 
R-value may then be c a lc u la te d  from
ft 9 £« atoms of X sorbed by r e s in
e q u iv a len ts  o f  r e s in  capacity
In  both techn iques th e  weight o f m etal X sorbed by the  r e s in  may 
be determ ined by a n a ly s is  o f the  so lu tio n  before  and a f t e r  e q u ilib ra tio n *  
A lte rn a tiv e ly , the r e s in  may be sep ara ted  from the s o lu tio n , washed and 
the  sorbed io n ic  sp ec ies  s tr ip p ed  using  a s u ita b le  e lu e n t. A nalysis o f 
the e lu te d  so lu tio n  g ives the amount of m etal sorbed.
In  the work described  a l l  R-values were determ ined by th e  batch  
technique, as  d escrib ed  below. This method was p re fe r re d  because th e  
so lu tio n s  co n ta in in g  molybdophosphate were slow in  coming to  eq u ilib riu m  
w ith  the r e s in .  In  a d d itio n , the  molybdenum species  sorbed were p a r t i ­
c u la r ly  prone to  reduction  in  su n lig h t producing an in ten se  b lue co lou r. 
Although th i s  e f fe c t  could be la rg e ly  o f f s e t  by surrounding the  columns 
w ith b lack  paper, c o n tro l over the  experiment was made more d i f f i c u l t .
A f u r th e r  problem encountered in  the column method was the  apparent 
r e s is ta n c e  of the  heteropo ly  species towards e lu t io n . Even th e  use 
o f a lk a lin e  sodium n i t r a t e  d id  no t com pletely s t r ip  the r e s in .
In  view of these  d i f f i c u l t i e s ,  the batch  method was used, th e  
fo llow ing  procedure being  adopted. A c a lc u la te d  volume of th e  t e s t
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so lu tio n  was xwt*v a f la s k  co n ta in in g  a weighed quantity* o f
r e s in .  The f la s k  was stoppered using  a ground g la ss  jo in t ,  shaken to  
d isp e rse  the  r e s in  and s to red  in  the dark w ith  occasional shaking u n t i l  
eq u ilib riu m  was reached. When eq u ilib riu m  was e s ta b lish e d  ( I I I . l )  
the  so lu tio n  was sep ara ted  from the r e s in  by d ecan ta tio n  and f i l t r a t i o n  
through a s in te r ,  p o ro s ity  N o .l. A p o rtio n  of the so lu tio n  was 
te s te d  f o r  pH. The r e s in  was washed qu ick ly  th ree  tim es w ith  c o ld , 
d e -io n ised  w ater and the  so lu tio n  and washings made up to  su ita b le  volume 
fo r  a n a ly s is .
The volume of so lu tio n  o r  the w eight o f r e s in  used was ad ju sted  
so th a t  adequate molybdenum and phosphorus so rp tio n  and ch lo rid e  re le a se  
occurred to  g ive accurate  a n a ly s is  by the d iffe re n c e  method*
STUDIES ON MOLYBDOPHOSPHATE SOLUTIONS
V ariation  o f R value w ith  pH 
R va lu es in  concentrated  acid  so lu tio n s  
V ariation  o f  R value w ith Mo and P concentration  
R valu es from molybdic ac id  so lu tio n s .  
pH t i t r a t io n s
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I I I . l .  V ariation  o f  R value w ith pH
From pub lished  work on the molybdic ac id  system i t  was a n tic ip a te d  
th a t  the  so rp tio n  of the la rg e  heteropolym olybdate ions on anion exchange 
r e s in s  would be la rg e ly  governed by the p o ro s ity  o f the re s in  and the  
time o f co n tac t w ith the s o lu tio n . I n i t i a l  experim ents were conducted 
to  determ ine the  minimum p o ro s ity  of r e s in  which would allow  unhindered 
exchange to  occur and to  determ ine a su ita b le  c o n tac t period  fo r  such 
exchange. A s e r ie s  o f  ba tch  experim ents was conducted using a so lu tio n  
o f 12-molybdophosphoric ac id , prepared  as describ ed  in  Section I I . 3, and 
r e s in s  covering a wide range o f w ate r reg a in  values. Contact tim es of
5, 10 and 21 days were allow ed, a f te r  which period  the so lu tio n  was 
sep ara ted  from th e  r e s in  and analysed f o r  molybdenum, phosphorus and 
c h lo rid e  ion  as d escrib ed  in  S ection  I I .4 ,  a^ cL R values were c a lc u la te d  
(S ec tio n  H « 5 ). The r e s u l t s  of these  experim ents a re  shown in  Table 1 . j
I t  i s  ev iden t th a t  r e s in s  o f w ater reg a in  4*3 and above are necessary  
f o r  ion-exchange to  take p lace  f r e e ly .  The la rg e  uptake of molybdenum 
from the  so lu tio n  by such re s in s  no t only confirmed th i s  f a c t  b u t suggested
:i
f u r th e r  th a t  the  R values thus ob ta ined  may no t be a maximum in  view o f j
th e  low co n cen tra tio n  o f molybdenum in  equ ilib rium  w ith the r e s in  sp ec ie s .
/,
In  such c ircum stances, hyd ro ly sis  o f the  condensed anions i s  p o ssib le  1
Ii
which would lead  to  f a ls e  R v a lu es , a r is in g  from exchange between the
r e s in  and h y d ro ly sis  p ro d u c ts . j
C’
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The e f fe c t  o f co n tac t tim e was seen to  be most im portant w ith  
re s in s  o f w ater reg a in  ^ 4 . 3  and t h i s ,  to g e th e r w ith the lower R values 
ob ta ined , in d ic a te d  an io n ic  s ieve  e f f e c t .  Y/hen unhindered exchange 
was tak ing  p lace  a s l ig h t  in c rease  in  molybdenum uptake occurred  a f t e r  
21 days co n tac t tim e compared w ith  the 10 day p e rio d , and 21 days was 
considered  a d e s ira b le  co n tac t tim e.
To in v e s tig a te  f u r th e r  the v a l id i ty  of the maximum R values ob ta ined  
so f a r ,  the weight o f r e s in  and the volume of so lu tio n  used was ad ju sted  
to  give a so rp tio n  o f approxim ately 50% o f th e  molybdenum in  so lu tio n .
The c a lc u la tio n  was based on the assumption th a t  the 12-molybdophosphate 
ion  ( ^ 0x2%Cr wou-^  p resen t in  th e  so lu tio n s  (see S ection  1 .3 )•
In  ad d itio n  the  range o f r e s in  p o ro s ity  was extended to  h ig h er w ater 
reg a in  values to  confirm  the maximum R v a lu e . The r e s u l t s  o f such an 
experim ent are shown in  Table 2 and c le a r ly  dem onstrate th a t h igher R values 
are ob ta ined  i f  s u f f ic ie n t  molybdenum i s  av a ilab le  in  so lu tio n . A very  
marked io n ic  s ieve e f f e c t  i s  seen to  occur w ith  re s in s  below w ater re g a in  
3 .2 . The importance o f m aintain ing  an adequate eq u ilib riu m  co n cen tra tio n  
of molybdenum was dem onstrated f u r th e r  by the use o f la rg e r  q u a n ti t ie s  of 
r e s in .  The r e s u l t s  shown in  Table 3 in d ic a te  th a t  when 1 .5  -  2 .0  g . o f 
r e s in  are  used in s te a d  o f approxim ately 0 .5  g* a much low er R value i s  
o b ta in ed . The absence of the io n ic  s ieve  e f f e c t ,  coupled vdth the  low 
percen tage of s i t e s  occupied was a c le a r  in d ic a tio n  th a t  h y d ro ly sis  of
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the  most h ighly  condensed molybdophosphate species occurs in  d i lu te  
s o lu tio n s .
The R values ob ta ined  from so lu tio n s  of adequate molybdenum con­
c e n tra tio n  have been R(Mo) = 4 * 8  and R(P) = 0.39 (see Table 2 ) . I t
had been expected th a t  such so lu tio n s  would co n ta in  la rg e  q u a n ti t ie s
3— 12of the io n  (-^ ° i2 ^ 4 0 ' d iscu ssed  e a r l i e r ,  in  which case  R(Mo) = 4 ( y )
and R(P) = 0.33 (ip  were a n tic ip a te d . This i s  no t the case and to
v e r ify  the  r e s u l t s  ob ta ined , the  experim ents described  above were rep ea ted
using  a n i t r a t e  form r e s in  under id e n t ic a l  co n d itio n s . The r e s u l t s  are
shown in  Tables 4  and 5 and in  F ig . l ,  and show c le a r ly  the s iev in g  out
of the la rg e r  ions by r e s in s  of w ater reg a in  ca.4*5* The e f f e c t  i s
apparent fo r  both  molybdenum and phosphorus which i s  strong evidence f o r
th e i r  a s so c ia tio n  in  a condensed heteropo lyan ion .
Several a ttem p ts  were made to  s u b s ta n tia te  f u r th e r  the R values 
ob ta ined  by means of the column technique. This procedure e lim in a te s  
any p o ss ib le  in te r fe re n c e  by the  re fe ren ce  io n , s ince  the re s in  i s  f in a l ly  
a t  eq u ilib riu m  w ith pure t e s t  so lu tio n .
S o lu tio n s  of molybdenum a t  two d i f f e r e n t  co n cen tra tio n s  were 
employed. Table 6 shows the  r e s u l t s  fo r  so lu tio n s  0.01M in  molybdenum 
and although they again dem onstrate the io n ic  sieve e f f e c t  they confirm  
th a t  low R values are o b ta ined  in  very d i lu te  so lu tio n s . The column 
experim ents using so lu tio n s  of 12-molybdophosphoric ac id  a t  0,1M in  Mo
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were extrem ely slov/ (see  Table 7)* Complete exchange was no t reached 
a f t e r  480 hours, a comparable time to  the batch  experim ents d iscussed  
above and only a f t e r  648 hours were the in f lu e n t and e f f lu e n t so lu tio n s  
of comparable co n cen tra tio n . At the flow  r a t e  employed th i s  corresponds 
to  a fo u r- fo ld  excess o f so lu tio n . The re s in s  chosen fo r  these e x p e ri­
ments were of high w a te r  reg a in  value and thus the io n ic  sieve e f f e c t  
was n o t resp o n sib le  fo r  th i s  slow r a te  o f exchange. Also the re s in s  
removed a f te r  th is  p e rio d  proved very d i f f i c u l t  to  e lu te  s a t i s f a c to r i ly  
(see S ection  I I . 5 ) ,  and the  batch  technique has been adopted th e re fo re  
throughout the rem ainder o f t h i s  work.
The form ation  of iso p o ly -  and heteropo lyan ions i s  pH dependent, 
an in c rease  in  the  a c id i ty  o f the so lu tio n  favouring  the form ation of the 
h igher polym eric ions (see S ection  I . l ) .  The t e s t  d escrib ed  above 
were r e s t r i c t e d  to  th e  narrow pH range 1 .6  -  1*8, the n a tu ra l  pH of the 
12-molybdophosphoric ac id  so lu tio n s  prepared# L a te r experim ents were 
designed to  cover the w idest p o ssib le  pH range and determ ine (a ) the 
cond itions necessary  f o r  the maximum degree o f  condensation and (b) the  
v a r ia tio n  of R value w ith  a c id i ty .
S o lu tions o f pH varying from approxim ately 1 .5  -  10 were prepared  
by mixing the ac id  and the sodium s a l t ,  as described  in  Section I I . 3 ,  
and so lu tio n s  of pH o u tsid e  th i s  n a tu ra l  range were produced by ad d itio n  
o f n i t r i c  ac id  o r sodium hydroxide s o lu tio n s , as ap p ro p ria te . A high
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w ater reg a in  value r e s in  was chosen to  e lim in a te  the  io n ic  s ieve e f f e c t  
and a co n tac t time of 21 days was used. These so lu tio n s  v aried  in  
co lo u r from deep yellow  when h igh ly  acid  to  c o lo u r le ss  below pH 7« At 
pH values 5 -  6 the so lu tio n s  were very pale  yellow , a p o ssib le  in d ic a tio n  
o f m olybdate-phosphate in te ra c t io n ,  since isopolym olybdates are  co lo u rle ss  
over the  e n tire  pH range [ 21]. The r e s u l t s  o f th ese  experim ents are 
brought to g e th e r in  Table 8 and a p lo t  o f R a g a in s t pH fo r  both  molybdenum 
and phosphorus i s  shown in  F ig . 2. In  a l l  cases 100$ exchange occurred  
between th e  r e s in  and the so lu tio n , confirm ing th a t  the io n ic  spec ies  
p resen t in  so lu tio n  were exchanged unhindered.
The curve o b ta in ed , F ig .2, dem onstrates th a t  two major stages in  
condensation occur as a so lu tio n  co n ta in in g  molybdate and orthophosphate 
ions in  molar r a t io  12 : 1 i s  p ro g ress iv e ly  a c id if ie d . The f i r s t ,  a t  
pH 7*5# i s  sharp and the  R(Mo) and R(P) curves behave s im ila rly *  The 
second, between pH 5 -  6, i s  more gradual from which p o in t the  curves 
f o r  molybdenum and phosphorus are more d iv e rg en t.
Below pH 7 t he major sp ec ies  undergoing exchange i s  a molybdate 
ion  corresponding to  R(Mo )•'"-*'■ 0.5> th e re  being very l i t t l e  phosphate 
exchange. This i s  c o n s is te n t w ith  the presence in  so lu tio n  of the 
simple ortho-m olybdate ion  MoO^ **, R(Mo) =
Rapid condensation below pH 7»5 complete a t  pH 6 produced a 
new sp ec ies , corresponding to  R (M o )^ 2  and s ig n if ic a n t  phosphate
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exchange giving an R(P) value of 0*2. The s im ila r  p a th s  of the  curves 
o f R(Mo) and R(P) when p lo t te d  a g a in s t pH (F ig .2) suggested th a t  
phosphate-m olybdate in te ra c t io n  has occurred. The pa le  yellow co lo u r 
of the so lu tio n  a t  th i s  pH i s  f u r th e r  evidence o f such a p ro p o s itio n .
The divergence o f the curves fo r  R(Mo) and R(P) as th e  pH i s  
lowered f u r th e r  produces a  sharp maximum fo r  the  form er corresponding to  
R(Mo) 5, a t  pH 1*7-1.8 in  even more ac id  media the  R(Mo) value drops 
s te a d ily  to  approxim ately 4  in  2M n i t r i c  a c id . Under th ese  con d itio n s  l i t t l e  
u p  t  a k e  t f  n i t r a t e  was recorded , in d ic a tin g  the s tro n g  a f f in i ty  by 
the  heteropolyanion  species  fo r  the  r e s in  (Table 16).
In  c o n tra s t  to  th e  R(Mo) curve, th a t  fo r  phosphorus r i s e s  to  a 
maximum value of R(P) ~ 0 .4  a t  pH 1 . Not only are  the  curves fo r  these  
two elements d i f f e r e n t  from each o th e r  bu t n e i th e r  e x h ib it evidence
f o r  the 12-molybdophosphate io n  as th e  predominant so lu te  sp ec ie s .
12 1 An in f le c t io n  in  both  curves a t  R(Mo) « 4  ( y )  and R(P) = 0.33 (^) would
be expected in  such circum stances f o r  the  io n  (^ °^2 ^4 0 ^"* ‘
In  order to  confirm  th e  R va lues ob tained , a s e r ie s  o f io n -screen in g
experim ents were p lanned. Resins covering a wide range o f  p o ro s ity
were used w ith  so lu tio n s  of pH values 7* 6, 2 .6 , 1 .0 , 0 .8$ , 0.58 and
zero , th e  ch lo rid e  io n  being again  used as the re fe ren ce  io n . The
r e s u l t s  o f these  experim ents are  shown in  Tables 9 - 1 6  and F ig .5*
They dem onstrate q u ite  c le a r ly  the dependence of R value upon pH and
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a lso  th a t  the r e la t iv e  io n ic  s iz e s  of the  ions undergoing exchange i s  
s im ila r ly  dependent. "Whereas a t  pH 7 .0  th e re  i s  no io n ic  sieve e f f e c t ,  
a t  h igher a c id i ty  such an e f f e c t  i s  found. Thus th e  io n ic  spec ies  
corresponding to  R(Mo) = 2 and R(P) = 0 .2  are  much la rg e r  than those 
p re se n t a t  pH 7 . As soon as  th ese  sp ec ies  have f re e  access to  th e  r e s in  
s i t e s  a co n stan t R value i s  ob ta ined  as shown by the extended p la tea u  in  
F ig .5 . This in d ic a te s  th a t  e i th e r  a s in g le  species i s  undergoing 
exchange o r th e re  a re  sev e ra l ions w ith  very s im ila r  a f f in i ty  fo r  th e  
r e s in .
The 1 s iev ing  out* of the much la rg e r  ions by re s in s  o f  w ater 
reg a in  <  4  i s  dem onstrated fo r  so lu tio n s  o f pH 2 .8 . The appearance 
again o f an extended p la te a u  when R value i s  p lo t te d  a g a in s t w ater reg a in  
suggests the  e x is ten c e  a t  a s in g le , o r very lim ite d  number o f, spec ies.
In  a l l  th ese  ion -sc reen in g  experim ents, however, the magnitude 
o f th e  R values ob ta ined  on the p la teau x  agree w ith  those ob ta ined  from 
the s in g le  r e s in  experim ents (Table 8) and th e  l a t t e r  r e s u l t s  give the  
maximum R values and are a tru e  r e f le c t io n  o f  th e  io n ic  species p re se n t 
in  the  so lu tio n . The reg io n  o f maximum condensation occurs in  the  
reg ion  of pH 1 .7  -  1 .8 .
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I I I * 2. R values in  concen tra ted  acid  so lu tio n s
The s t a b i l i t y  o f the molybdophosphate anions in  approxim ately 2M 
n i t r i c  ac id  so lu tio n  has been dem onstrated above (Table 16). Consider** 
ab le  q u a n ti t ie s  of molybdenum and phosphorus were exchanged by an anion 
form r e s in  and, in  ad d itio n , the  o r ig in a l  so lu tio n s  prepared were b r ig h t 
yellow , a c h a r a c te r is t ic  p ro p erty  o f molybdophosphate ions* A so lu tio n  
of molybdic ac id  o f comparable co n cen tra tio n  was shown to  be co lo u rle ss  
in  6M n i t r i c  ac id  so lu tion*
These s tu d ie s  were extended to  so lu tio n s  of h igher a c id  concentra­
t io n  to  f in d  the l im i t  of s t a b i l i t y  o f the  heteropolyanions* A ll 
so lu tio n s  were m aintained a t a s tre n g th  o f 0.1M in  molybdenum and a  h igh 
w ater reg a in  re s in  was employed to  avoid any io n ic  sieve e f f e c t .  In 
view of the  high io n ic  s tre n g th  of the so lu tio n s  i t  was expected th a t  
th e re  would be considerab le  com petition  by the n i t r a t e  ion  fo r  th e  r e s in  
s i t e s ,  as  w ell as p h y s ica l absorp tion  o f un ion ised  n i t r i c  a c id . The 
l a t t e r  e f f e c t  was minimised by washing the re s in s  a f te r  sep a ra tio n  from 
the t e s t  so lu tio n  and the e f f e c t  o f t h i s  procedure i s  shown in  Tables 
17 and 18. The n i t r a t e  io n s  are  very e a s i ly  washed from th e  r e s in  which 
suggests th a t  th e  so rp tio n  was p rim arily  a p h y s ica l process and not tru e  
ion-exchange.
However, when re s in s  of low w ater reg a in  value were employed, 
exchange between th e  n i t r a t e  ion  and the re fe ren ce  ion was app rec iab le  
(Table 16).
-6 6 -
Under favourab le  c o n d itio n s , i . e .  r e s in s  o f high w ater reg a in  value , 
molybdophosphate ions would be expected to show a g re a te r  a f f i n i t y  f o r  
th e  r e s in  s i t e s  from n i t r a t e  ions*
Two groups of experim ents were conducted a t  ac id  co n cen tra tio n s  
up to  10M in  n i t r i c  ac id , using  r e s in s  o f w ater regain  4 .3  and 13*
The p repared  so lu tio n s  were a l l  yellow , the in te n s i ty  g re a te s t  in  the 
8M and 10M n i t r i c  a c id  so lu tio n s . The d e ta i ls  and r e s u l t s  of th e  io n  
exchange experim ents a re  shown in  Tables 19 and 20. A fte r  equ ilib rium  
had been reached the  so lu tio n s  were c o lo u r le ss , w ith  th e  exception o f 
the  one a t  10M n i t r i c  ac id  concentration ,w hich  was pa le  yellow . The 
c o lo u r le ss  so lu tio n s  suggest th a t  the  heteropolyan ions have undergone 
exchange o r a re  converted to  co lo u rle ss  complexes in  the presence o f 
n i t r i c  a c id , only when the  molybdenum co n cen tra tio n  i s  reduced by anion 
exchange Trith the r e s in .  S o lu tio n s , f re e  from n i t r i c  a c id , and a t  
comparable co n cen tra tio n s  of molybdenum, were yellow  when in  equ ilib rium  
w ith s im ila r  r e s in s .  Reference to  Tables 19 and 20 show th a t  con­
s id e rab le  molybdenum and phosphorus exchange has occurred , and th a t  th e i r  
mole r a t io  i s  s t i l l  ca . 12 j 1. The R(Mo) values shown re p re se n t the 
minimum value  f o r  such species  since some n i t r a t e  exchange may have 
occurred . The d iffe re n c e  in  R(Mo) values ob ta ined  in  th ese  two groups 
of experim ents i s  due p rim a rily  to  the e f f e c t  o f molybdenum co n cen tra tio n , 
the  R(Mo) value r is in g  as  the  eq u ilib riu m  molybdenum co n cen tra tio n  increased*
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A s im ila r  co n cen tra tio n  e f f e c t  has a lready  been n o ticed  in  
n i t r i c  ac id  f re e  so lu tio n s  (S ection  I I I . l ) .  A p lo t  o f R(Mo) a g a in s t 
n i t r i c  ac id  co n cen tra tio n s  (F ig .6) f o r  both  experim ents shows th a t  a 
minimum R(Mo) value occurs in  the  4M -  6M n i t r i c  ac id  reg io n . At 
h ig h er co n cen tra tio n s  of ac id , th e  R(Mo) value r i s e s  again but never 
a t t a in s  the e a r l i e r  v a lu es . The R(P) curve behaves s im ila r ly  in d ic a tin g  
continued  a sso c ia tio n  between the two elem ents. Thus heteropolyanions 
are  p re se n t in  so lu tio n s  up to  10M in  n i t r i c  ac id .
A dd itional evidence th a t  the e f f e c t  of n i t r i c  a c id  was governed 
by the  e x is t in g  molybdenum co n cen tra tio n  was ob tained  from fu r th e r  s tu d ie s  
using so lu tio n s  of molybdophosphoric ac id , 0.03M in  Mo. S o lu tions were
again prepared  o f  co n cen tra tio n s  1 -  10M in  n i t r i c  a c id . Only those
1M and 10M in  n i t r i c  a c id  were p a le  yellow , the rem ainder were c o lo u r le s s . 
The yellow  molybdophosphate io n s  have clearLy been decomposed in  such 
so lu tio n s .
I t  has been d iscussed  (S ection  I . l )  th a t  th e  form ation of c a tio n ic
molybdenum compounds o f fe r  an ex p lan a tio n  f o r  the  above behaviour.
2+
The simple molybdenyl io n  (MoO^) has been p o s tu la te d  to g e th e r w ith
2-y
polymers o f t h i s  io n . Complex c a tio n s  of the type [MoO^.X] , where 
X i s  an anion of charge y , have a lso  been suggested . The use of c a tio n  
exchange r e s in s  would a f fo rd  a means of d e tec tin g  such io n s . Thus ex­
perim ents were c a r r ie d  out using  a commercial c a tio n  exchanger in  the
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hydrogen-ion form. Both d i lu te  and concen tra ted  molybdenum so lu tio n s  
were used and ba tch  experim ents were perform ed as d escribed  f o r  anion 
exchange experim ents. The d e ta i l s  and r e s u l t s  are shown in  Table 21,
F ig .7. I t  i s  c le a r  th a t  much sm aller q u a n t i t ie s  o f molybdenum are  under­
going exchange in d ic a tin g  th a t  the  c a tio n  species co n ta in s  a small number 
of molybdenum atomsper io n . F u rth e r , both molybdenum and phosphorus 
are exchanged and the changes observed as the a c id ity  o f the so lu tio n  i s  
a l te r e d  fo llow  the same p a tte rn  fo r  both elem ents. These f a c ts  suggest 
th a t  a c a tio n  complex o f molybdenum and phosphorus may be p re se n t.
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111,3 V aria tio n  of R value w ith  Mo and P concen tra tion
The work described  so f a r  was conducted using molybdophosphoric 
ac id  so lu tio n s  0,1M in  molybdenum, and a Mo s P r a t io  o f 12 : 1 , I t  
has been noted (S ection  I H , l )  th a t  R values were to  some ex ten t dependent 
upon the eq u ilib riu m  co n cen tra tio n  o f molybdenum. F u rth e r ion-exchange 
s tu d ie s  were performed to  in v e s tig a te  bo th  co n cen tra tio n  and r e la t iv e  
molar co n cen tra tio n  of th e  elem ents phosphorus and molybdenum. The 
im portance o f these  fa c to rs  in  decid ing  the m ajor so lu te  spec ies  p re sen t 
in  heteropoly  anion so lu tio n s  has been d iscussed  in  Section  1 .1 , from 
which i t  would appear th a t  excess molybdenum favours the form ation of 
the 12-molybdophosphate ion a t  low  pH. "While the  so lu tio n s  examined so 
f a r  would seem to  f u l f i l  t h i s  requirem ent, the evidence ob ta ined  p o in ts  
to  a m ixture of io n s . S o lu tions con ta in ing  a d if f e re n t  Mo : P r a t io  
would be expected , th e re fo re , to  con tain  d if f e r e n t  p ro p o rtio n s  o f io n s  
and th e i r  presence r e f le c te d  by a change in  R va lu e .
111*3*1 R values a t  d i f f e r e n t  molybdophosphoric ac id  concen tra tions
From a concen tra ted  stock so lu tio n  of molybdophosphoric ac id , 
so lu tio n s  of co n cen tra tio n s  0.01 -  0.23& in  Mo were prepared  by d i lu t io n .
These so lu tio n s  v a ried  from p a le  yellow  a t  the lower 6 o n c e n tra tio n vto ^ th e  deep 
yellow of 0 . 2M solutions* Ihe pH was con tro lled  by addition cf n i t r i c  ac id  o r 
sodium hydroxide so lu tio n s , as ap p ro p ria te , and m aintained a t  the  pH
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of maximum condensation 1,2*. -  1 ,8 , I n i t i a l  attem pts to  study th i s  
co n cen tra tio n  e f f e c t  employing the n a tu ra l pH of the  d ilu te d  so lu tio n s , 
le d  to  too wide a v a r ia t io n  in  a c id i ty  and th e  subsequent v a r ia tio n  in  
R values could as w ell be a t t r ib u te d  to  a  pH fa c to r ,  a lready  d escrib ed  
(S ection  I I I . l )  as to  a co n cen tra tio n  e f f e c t .  These r e s u l t s  are  recorded  
in  Table 22,
A much c le a re r  p ic tu re  emerges when th e  pH i s  c o n tro lle d  (Table 23)• 
The appearance o f lower R values fo r  both molybdenum and phosphorus a t  
low co n cen tra tio n s  again confirm s the n e c e s s ity  f o r  an adequate e q i i l i -  
brium molybdenum co n c en tra tio n . S o lu tions m aintained a t  0.02M in  Mo 
and above produce R(Mo) values > 4, the mean R(Mo) as 4 .2  -  0 .03 . These 
values again suggest the ex is ten ce  o f a m ixture of io n s. A s im ila r  
p a tte rn  o f  behaviour i s  observed fo r  phosphorus, although the marked 
drop in  R(P) a t  the  h ig h e s t co n cen tra tio n s  employed i s ,  as  y e t ,  unexplained,
A so lu tio n  of th e  molybdophosphoric ac id  ?/as p repared  in  7/hich 
the Mo : P r a t io  was ex ac tly  12 : 1 and molybdenum co n cen tra tio n  0,1M,
This was achieved by analysing  the so lu tio n  fo r  molybdenum and phosphorus 
befo re  use and a d ju stin g  the molybdenum co n cen tra tio n  w ith  standard  molybdic 
ac id  so lu tio n . The experim ents were designed to  overcome any d iffe re n c e s  
produced by a s l ig h t  v a r ia t io n  in  th e  Mo : P r a t io .  The so lu tio n s  were 
m aintained a t  pH 1,65 and 1,26 in  two s e r ie s  o f experim ents covering a 
wide range of re s in  p o ro s ity . The R values obtained  from a l l  these
-71-
experim ents (Tables 24 and 25)» f u r th e r  dem onstrate th e  ex istence  o f  ions 
c a rry in g  a mean R-value ly in g  between 4  and 5, and do no t show any e f fe c t  
due to  s l ig h t  v a r ia t io n  o f Mo : P ra tio *  F u rth e r, the e f fe c t  of pH 
w ith in  t h i s  narrow range employed does not y ie ld  any profound change in  
th e  io n ic  spec ies  p resen t in  so lu tio n . Thus the  mean R(Mo) values 
c a lc u la te d  are 4*7 -  0 .2  and 4 .9  -  0 .1  a t  pH 1.65 and 1.26 re sp e c tiv e ly ; 
th e  values f o r  phosphorus behaves s im ila r ly  and are recorded  in  Tables 
24 and 25.
I I I . 3*2 R values a t  d if f e r e n t  Mo : P r a t io s
The so lu tio n s  were prepared  by mixing the ap p ro p ria te  volumes 
of s tandard  molybdic ac id  and phosphoric ac id  so lu tio n s , m aintain ing the 
molybdenum co n cen tra tio n  a t 0.1M in  Mo. Thus so lu tio n s  covering the 
mole r a t io  Mo : P o f 2 : 1 and 20 : 1 were prepared* The pH varied
in  the range 1 .6  -  1 .9  and i t  was considered  unnecessary to  ad ju s t i t  
f u r th e r .  Ohly so lu tio n s  con ta in ing  Mo : P in  the r a t io  3 s 1 and 5 i 1 
d id  not have the deep yellow  co lou r. The d e ta i l s  of th e  b a tch  ex p e ri­
ments and th e i r  r e s u l t s  are given in  Tables 26-27 and in  F ig .8. The 
small change in  pH of the so lu tio n  a f t e r  coming to  eq u ilib riu m  w ith  the 
r e s in ,  coupled ?d th  the complete exchange of the  re fe ren ce  io n , in d ic a te s  
the presence o f io n s  w ith  a high a f f in i t y  fo r  the  r e s in  in  a l l  co n d itio n s . 
A s ig n if ic a n t  f a c t  to  emerge from t h i s  study i s  the in c re a s in g  percentage 
o f phosphorus exchanged as i t s  r e la t iv e  co n cen tra tio n  in  th e  so lu tio n
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d ecreases. At th e  same time the w eight o f molybdenum exchanged i s  r e ­
markably constan t over the e n t i r e  Mo : P range s tu d ied  (see F ig . 9 ) .
The c a lc u la te d  R values (Table 27) in d ic a te  some d iffe re n c e s  from those 
values found h i th e r to .  Thus values o f  R(P) ~ 1 are ob tained  from 
so lu tio n s  o f low Mo : P r a t i o .  However, a t r a t io s  10 : 1 the curves, 
ob ta ined  by p lo t t in g  R ag a in s t Mo i P r a t io  in  s o lu tio n , have l im itin g  
va lu es  of 4 .2  and 0.3 fo r  R(Mo) and R(P) re sp e c tiv e ly . I t  i s  ev id en t, 
th e re fo re , th a t  so lu tio n s  o f molybdenum, con ta in ing  phosphate below 
th i s  r a t i o ,  c o n s is t  o f  d if f e r e n t  heteropolyan ions to  th o se  p resen t a t  
the  h ig h er r a t io s .  The very sm all v a r ia t io n  in  th e  R(Mo) value suggests 
th a t  the  n atu re  o f the molybdenum sp ec ie s  undergoing exchange are  very  
s im ila r  over th e  e n t i r e  range s tu d ie d , only the r e la t iv e  p ro p o rtio n s  of 
them a l te r in g .
The e f f e c t  o f r e s in  p o ro s ity  upon R values from so lu tio n s  o f low 
Mo : P r a t io  was s tu d ie d . The molybdenum co n cen tra tio n  was a lso  v a ried  
to  y ie ld  two s e ts  of d a ta , a l l  ob tained  a t  th e  same pH value used p re­
v io u sly . The curves shown in  F ig .8  in d ic a te  th a t  th e  d epartu re  from the 
l im itin g  values beg ins a t  mole r a t io s  of Mo : P ca . 8 s 1 . This r a t io
was m aintained in  the  fo llow ing  experim ents (Tables 28-29). The R(Mo)
values show l i t t l e  d ev ia tio n  over the range of r e s in  p o ro s ity  s tu d ied , 
the mean value c a lc u la te d  4 .4  (<5*® -  O .l)  which value corresponds c lo se ly  
to  th a t  found in  the prev ious experim ent. At the  lower molybdenum
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co n cen tra tio n  (Table 29) the mean R(Mo) value i s  4 .0  (<3~± 0 .1 ) con­
s id erab ly  lower than the form er value . Although too much s ig n ifican ce  
i s  no t a ttach ed  to  t h i s  d iffe ren ce  in  view of the la rg e r  e r ro rs  of 
an a ly s is  involved a t the lower co n cen tra tio n s , the same tre n d  in  R value 
i s  observed w ith  re sp e c t to  c o n c e n tra tio n . A wider v a r ia t io n  in  R(P) 
values occurs a t bo th  co n cen tra tio n s  as the r e s in  p o ro s ity  i s  a l te r e d ,  
and suggests th a t  the phosphorus i s  no t e n t i r e ly  a sso c ia ted  w ith  the 
major molybdenum species  d iscussed  above. The e f fe c t  of low ering the  
pH a t  th i s  molar r a t io  produced a more in ten se  yellow  co lour, suggestive 
o f a change in  the r e l a t iv e  p ro p o rtio n s  of io n ic  sp ec ie s . This i s  
borne ou t by a f u r th e r  ba tch  experim ent conducted a t pH 0 .7  (Table 30 ). 
While the R(Mo) value i s  v i r tu a l ly  u n a lte red , th a t  fo r  R(P) i s  ra is e d  
co n sid e rab ly .
I t  seems c le a r ,  th e re fo re , th a t  a major io n ic  species  invo lv ing  
molybdenum i s  p re sen t which i s  no t ap p rec iab ly  a l te re d  by v a r ia tio n  in  
the Mo t P r a t io  or by sm all changes in  pH below ca* pH 2. One or 
more molybdenum sp ec ies  involv ing  phosphorus appear to  be more l a b i l e .
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IIX . A. R va lues from molybdic ac id  S o lu tions
The appearance of R(Mo) values o f 4  -  5> ir r e s p e c tiv e  o f  th e  
phosphorus co n cen tra tio n , suggests th a t  isopolym olybdate io n s  c o n trib u te
iA,Po//wc£<0-'v
to  the observed R v a lu es . Considerable da ta  i s  a v a ila b le  concerning 
R value measurement from molybdic ac id  so lu tio n s  [1 8 ,2 1 ] , b u t i t  was 
considered  necessary  to  redeterm ine these  values w ith  the  re s in s  syn­
th e s is e d  in  the p re sen t work. Thus so lu tio n s  of molybdic acid  were 
p repared  a t the same molybdenum co n cen tra tio n  employed in  e a r l i e r  work; 
the pH o f the so lu tio n  was m aintained a t  1 .5  -  2, th e  reg ion  of maximum 
R value found in  the molybdophosphate so lu tio n s . The experim ents were 
conducted using r e s in s  o f w idely d i f f e r e n t  w ater reg a in  values and a re  
d e ta ile d  in  Table 31 • The fo llow ing  p o in ts  a r is e  from these  s tu d ie s  t
(a) The R(Mo) value i s  again dependent on the molybdenum con­
c e n tra tio n .
(b) A sm all w ater reg a in  e f f e c t  occurs a t  bo th  co n cen tra tio n s , th e  
more porous r e s in  y ie ld in g  h igher R v a lu es .
(c ) The R values found from so lu tio n s  con ta in ing  molybdenum of 
0.03 -  0 .06M co n cen tra tio n , d i r e c t ly  comparable w ith th e  molybdophosphate 
so lu tio n s  s tu d ied , do not account f o r  the la rg e r  R v a lu es found in  many 
experim ents. Thus R(Mo) values of approxim ately f iv e  were no t produced a t  
the c o n cen tra tio n s  0.03 -  0 . 06m in  molybdenum.
The r e s u l t s  suggest th a t  th e  isopolym olybdate ions may make some con­
t r ib u t io n  to  th e  R values measured w ith  molybdophosphate so lu tio n s .
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I I I .5  p H T itr a t io n s
Because th e  form ation and degradation  o f iso p o ly  and he teropo ly ­
anions i s  dependent upon th e  co n cen tra tio n  o f hydrogen io n s , pH t i t r a t i o n s  
o f th e  simple oxyanions w ith  bases have been s tu d ied  ex ten s iv e ly  ( i . l ) .
The shape and displacem ent of th e  curves a t  d if f e re n t  co n cen tra tio n s  have 
allow ed various workers to  in te rp r e t  the  natu re  o f the  species p re sen t 
in  such s o lu tio n s . Thus much in form ation  has been ob ta ined  from the 
t i t r a t i o n  of so lu tio n s  h e ld  a t  co n stan t io n ic  s tren g th  by the  a d d itio n , 
f o r  example, o f sodium p e rc h lo ra te . D espite t h i s ,  th e  in te rp re ta t io n  of 
the  d a ta  v a r ie s  w idely probably due to  the  la rg e  amount of species p o ss ib le , 
i f  p o lynuclear spec ies  are p re se n t.
In  the system under in v e s tig a tio n  i t  was n e ith e r  d e s ira b le  nor 
p o ss ib le  to  hold the  so lu tio n  a t  constan t io n ic  s tre n g th  fo r  th e  d e te r ­
m ination of R va lue . The in tro d u c tio n  of la rg e  q u a n ti t ie s  o f fo re ig n  
ions would se rio u s ly  in te r f e r e  w ith the exchange p ro cess . The io n - 
exchange t e s t s  c a r r ie d  out a t  high a c id  s tre n g th s  demanded, of course, th e  
ad d itio n  o f m ineral ac id , b u t such systems l i e  o u tside  th e  u se fu l range 
of pH t i t r a t i o n s  d iscu ssed  h e re .
The purpose o f these t i t r a t i o n s  was to  v e r ify  the  scheme o f con­
densa tion  suggested by the  ion  screen in g  t e s t s  ( H I . l )  under s im ila r  
co n d itio n s , i . e .  th e  shape o f curve I ,  F ig .4-, in  the pH range 1 .5  -  10 
The so lu tio n s  o f the he tero p o ly acid  were prepared  as d escribed
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p rev io u sly  ( I I . 3 )* A 50 ml* volume of th i s  so lu tio n  was t i t r a t e d  w ith  
normal sodium hydroxide so lu tio n  giving the r e s u l t s  in  Table 32 and P ig .10. 
Steady read in g s  of pH were ob tained  w ith in  a m inute, except in  the reg ion  
of pH 6 .2  -  7*0, where high values were recorded i n i t i a l l y  but dropped to  
the  steady values, shown in  Table 32, a f te r  about te n  m inutes. This 
phenomenon has been n o tic e  in  s im ila r  s tu d ie s  of molybdic ac id  [18] and 
tu n g s tic  ac id  [ 77] • The n e u tr a l is a t io n  o f the he te ro p o ly ac id  was ch a rac t­
e r is e d  by the steady decrease in  the in te n s i ty  of the yellow  colour u n t i l  
the  so lu tio n  became co lo u rle ss  a t  pH 7• C urveH , F ig .10, in d ic a te s  two 
in f le c t io n  p o in ts  occurring  a t  pH 3*5 and 10.7#
The f i r s t  in f le c t io n  marks the end of an i n i t i a l  r e a c t io n  and 
invo lves th e  consumption o f 0 .5  equ ivs. OH per g.atom Mo. Such a change 
i s  c le a r ly  a decondensation re a c tio n  and no t an ac id  base n e u tra l is a t io n  
invo lv ing  the removal o f a c id ic  hydrogen from the f re e  heteropo lyacid .
This i s  ev iden t from a co n s id e ra tio n  of the  equation  f o r  the n e u tr a l is a t io n  
o f, f o r  example, 12-molybdophosphoric a c id  :
H3PMo120^q + 3Na0H jjss£ Na3PMo12°2f0 + 3H2°
from which the  th e o r e t ic a l  consumption o f 0.25 (-^>) eq u iv a len ts  o f OH p er 
g. atom o f Mo are re q u ired . Above pH 3*5 a s tro n g ly  b u ffe red  reg ion  begins 
and i s  s tro n g ly  in  evidence between pH 5 -  6 , a f t e r  which the pH r i s e s  
r a p id ly . The com pletion of th is  f i n a l  n e u tr a l is a t io n  s ta g e  i s  accompanied 
by th e  o v e ra ll  consumption o f 2.16 -  2.18 eq u ivs. OH p er g.atom Mo ( F i g . l l ) ,
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This may be rep re sen ted  by the  fo llow ing  equation  :
H3PMo120^0 + 26NaOH = r  Na2HP0^ + 12Na2MoO  ^ + 1 ^ 0
— 26from which equivs. OH /g .a to m  Mo i s  or 2.17»
The rev e rse  t i t r a t i o n  was performed using  a s im ila r  volume of
sodium 12-molybdophosphate so lu tio n  and a normal m ineral ac id  so lu tion*
No s ig n if ic a n t  d iffe re n c e  could be d e tec ted  between the behaviour o f
h y d ro ch lo ric , n i t r i c ,  p e rch lo ric  o r su lphuric  ac id s  and the shape o f the
curves, ob tained  by p lo t t in g  eq u iv a len ts  o f H consumed per g. atom of Mo,
were id e n t ic a l .  The r e s u l t s  of the t i t r a t i o n  using  hydroch loric  ac id
a re  shown in  Table 33 and F ig .12, th e  l a t t e r  curve dem onstrating th a t
condensation begins a t  pH 6 and i s  complete a t  approxim ately pH 3*5, in -
4*volving the consumption of I .4 6  -  1 .48  equivs. H per g. atom Mo. The 
value of th is  l a t t e r  q u an tity  la y  in  the reg ion  1 .48  -  1.52 fo r  the r e ­
maining m ineral acids* The d i lu t io n  of the  so lu tio n  by the  ad d itio n  of 
f u r th e r  ac id  p rev en ts  any fu r th e r  in te rp re ta t io n  o f th i s  curve.
To overcome th i s  d i lu t io n  e f f e c t ,  the  n e u tra l is a t io n  of the 
h e te ro p o ly ac id  so lu tio n  by a so lu tio n  of i t s  sodium s a l t  was c a r r ie d  o u t, 
using  so lu tio n s  of the same m olarity  w ith  re sp e c t o f molybdenum and 
id e n t ic a l  in  s tre n g th  to  th e  so lu tio n s  used above. The rev erse  t i t r a t i o n  
was a lso  perform ed. In  o rder to  compare the r e s u l t s  of th e se  experim ents 
w ith  th e  p revious t i t r a t i o n s  i t  i s  necessary  to  compute th e  value o f the
4*q u a n tity , equ iys. H added per g. atom Mo, s ince  th e re  i s  .sim ultaneous
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ad d itio n  o f hydrogen ions and molybdenum from th e  f re e  ac id  so lu tio n , 
th e  follow ing procedure was adopted,
2—The condensation process between th e  molybdate ion  MoO^  and the  
H r e s u l t s  in  the form ation o f an isopolym olybdate io n , which may be 
expressed  in  general term s by the fo llow ing  equation :
xM°°^2~ + 2xH+ p=& H2y_6xMoxOy + (4x-y)H20
4. X-.
req u irin g  2H per g.atom Mo. I f  the  heteropolyan ion  PMo^O^) i s  
p o s tu la te d  as an end product of condensation in  ac id  so lu tio n s  o f molyb­
date and phosphate then the equation  may be w r itte n  :
12MoO 2“ + HPO2 - + 23H+ ^  P M o ^ O ^ -  + l a y )
again  re q u ir in g  2H+ p er g.atom Mo. Thus, in  the t i t r a t i o n  o f 12-
molybdophosphate so lu tio n  by a so lu tio n  o f i t s  f re e  ac id , the equivs. of 
■|*
H added p e r  g.atom  Mo may be rep re sen te d  by Z,
where „ 2x 
= k+x
and x =5 g.atom  Mo added as the  f re e  ac id ,
k = co n s tan t amount of Mo p re se n t as the sodium s a l t .
In  t h i s  way the  v arious values o f Z may be c a lc u la te d  f o r  given values 
o f x and k . A curve was co n s tru c ted  r e la t in g  x and z from which values 
o f z were ob ta ined . The t i t r a t i o n  d a ta  fo r  both experim ents were t r e a te d  
in  th i s  way and are given in  Tables 34 and 35, from which F ig ,13 i s  d e riv ed . 
This curve i s  s u b s ta n tia l ly  the  same as th a t  derived  from e a r l i e r  t i t r a t i o n
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d a ta  and dem onstrates the com pletion o f an i n i t i a l  re a c tio n  a t  pH 3 .4  -  3«5 
involv ing  the  consumption o f 1 .5  eq u iv a len ts  of H+ p e r  g.atom  of Mo,
Thus a l l  the t i t r a t i o n  d a ta  shows the ex istence  of a re a c tio n  
beginning ju s t  befo re  7 and complete by pH 3*5* This i s  confirm ation  of 
a s im ila r  re a c tio n  deduced from the ion-exchange s tu d ie s  in  which an ion  
(o r m ixture o f io n s)  of R(Mo) = 2 was ob ta ined . I t  i s  c le a r ly  a con­
densation  re a c tio n  since the  p ro to n a tio n  of the  simple molybdate species 
would req u ire  th e  uptake of 1 equiv . H per g.atom  of molybdenum and 
s im ila r ly  the appearance of an R(Mo) value o f 1 .0  (R fo r  HMoO^ 1 - = l ) .
The r e s u l t s  f o r  th i s  f i r s t  condensation stage a re  rem arkably s im ila r  to  
th a t  o f pure molybdic a c id , as d iscussed  e a r l i e r .
The pH d a ta  does not produce much u se fu l in fo rm ation  as to  the 
n a tu re  o f f u r th e r  condensation which was apparen t from the in c rea se  in  R 
value from 2 — The shape o f the t i t r a t i o n  curves a re  again  s im ila r  
a t  th i s  lower pH value (F ig .1 0 ) , the s lig h t  d isplacem ent of th e  curves 
may be accounted f o r  by a c o n cen tra tio n  e f f e c t ,  s ince  the  d a ta  fo r  
molybdic acid  was ob ta ined  from so lu tio n s  0.19M in  Mo [ 181 whereas those 
describ ed  in  t h i s  work were 0.08M. The co n sid e rab le  d is p a r i ty  in  the 
R value curves (Fig*4, curves I  and HU) over a s im ila r  pH range i s  not 
d isp lay ed  in  the pH d a ta .
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TABLE t
W.H. Wt. p er 
t e s t  g*
Contact 
time (d)
pH
E q u il.
% s i t e s  
used
R(Mo) a(p ) Mo sorbed
%
0 .7 1 1.540 5 1 .6 2 13.2 1.50 0 .0 3 4 11 .4
0.71 1.618 10 1 .6 1 17.5 1.73 0.034 17.7
0.71 1.538 21 1.61 18.8 1.92 mm 20.1
1 .24 1.087 5 1.59 3 6 .6 2.41 0.16 33.9
1 .24 1.197 10 1 .6 0 41.8 2.45 0.19 43.0
1 .2 4 1.329 21 1.61 44*8 2.53 0.14 52.7
2.15 0.761 5 1.65 61.0 2.87 0.17 51.9
2.15 0.918 10 1.65 71.3 3.17 0.22 85.7
2.15 0.979 21 1.67 75 .4 3.19 0.29 91.0
4.33 0.933 5 1.70 61.5 4.30 0.37 100
4.33 0.914 10 1.66 84.8 3.43 - 100
4.33 0.920 15 1.63 65.7 3.98 0.34 97.5
5.70 0.593 5 1.70 99.0 3.86 0.32 90.8
5.70 0.805 10 1.61 60.5 4.13 - 81 .4
5.70 0.997 15 1.69 50.3 3 .9 0.33 79.1
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TABLE 2 (F ig . 1 .)
150 ml. 12-molybdophosphoric ac id  so lu tio n , 0.1M in  Mo, pH 1.51
0,5  g* ch lo rid e  r e s in .  E quilibrium  time 23 days*
Welt, fa s i t e s  
occupied
pH
E q u il.
% Mo 
sorbed
% P 
sorbed
R(Mo) R(P) Mo A*
sorbed
0.72 39.6 1.61 8.5 8 .2 1.72 0.16 10.8
1.24 78 .4 1 .6 2 18.5 11.8 1.90 0.11 17.2
2.04 97 1 .6 0 41.8 44.3 2.04 0.34 15.2
2.96 97 1.63 53.2 53;. 0 4.38 0.40 11.0
3.20 - 1 .64 53.4 50.3 4.42 0.39 11.3
4-33 100 1.65 52.0 49.9 4.16 0.37 11.5
4.33 100 1.65 51.6 - 4*14 - -
4.33 100 - 56.6 50.6 4.57 0.37 12.3
5.70 100 - 58 .4 52.8 4.72 0.39 1 2 .4
5.70 100 1.68 56.3 44.5 4.52 0.34 13.3
9 .8 100 - 59 .4 54.2 4.80 0.39 12.6
13.0 100 - 62.9 57.2 5*08 0.42 12.1
16.5 100 - 66.3 52.5 5.35 0.38 12 .1
18.5 100 . - 62.9 56.3 5.02 0.41 12.3
18.5 99 1.69 62 .2 55.2 5.00 0.41 12.3
18.5 99 1.69 62.2 55.2 5.10 0.41 12 .4
Mean R(Mo) 4 .8  0.39
± 0 .1  -  0.015
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TABLE 3
100 ml. 12-molybdophosphoric ac id , 0.0981M in  Mo, pH 1.51* 
Anion exchange r e s in ,  c h lo r id e , 1-2 g . a i r -d r ie d .  
Equilibrium  time 16 days.
W.R. Weight p er 
t e s t  g .
PH
Equilibrium
R(Mo) fo Mo 
sorbed
fa s i t e s  
occupied
2.96 1*970 1 .6 2 3.02 )
3*07 ) S
53.3
2.92 1.963 1.61 53.7
3.20 2U32 1.61 2 .8 2  ) \ 99
1-5.6
18.5 1.619 1 .6 0 2.92 ) 
)
2.92 )
57.2
18.5 1.658 1.59 55.9
TABLE 1
150 m l. 12-molybdophosphoric ac id , 0.0118M in  Mo, Mo/P = 11 .2 , 
pH 1.75* Anion re s in  n i t r a t e  form, a i r - d r ie d .  Weight per 
t e s t  ad ju s ted  to  give co n stan t cap ac ity  a v a ila b le  fo r  exchange.
E quilibrium  time 40 days.
W.R. Weight per % s i t e s % Mo fc P Equilibrium
t e s t  g. occupied sorbed sorbed pH
0.72 0.534 31 12.0 1 .9 1 .74
1.67 0.529 81 25.0 3 .4 1.70
2.50 0.562 98 35.7 15.2 1 .6 0
3.20 0.538 95 4 6 .8 29.8 1.68
4.33 0.467 100 57.5 38.7 1.78
5.70 0.485 100 57.6 36.7 1.70
9.80 0.511 100 63 .6 49 .4 1.74
1 3 .0 0.497 100 63.9 46.7 1.74
16.5 0.571 100 68.3 52.5 1.82
18.5 0.553 100 63 .5 40.7 1.78
TABLE ^  (F ig . 5*)
W.R. R(Mo) R(P) R atio  Mo/P sorbed
0.72 1 .1 0.017 63.7*1
1.67 2.3 0.031 74.3
2.50 3.3 0.14 23.6
3.20 4 .4 0 .2 8 15.7
4.33 5 .1 0 .34 15.0
5.70 5 .0 6 0.36 14.0
9.80 5 .2 0.41 12.6
13 .0 5 .7 0.1a 13.6
16.5 5 .2 0 .4 0 13.0
18.5 5 .1 - —
Mean 5.2 0.39
T 0 ,1 = 0 .0 1 5
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TABLE 6
Column experim ent using  1 2-molyMophosphorio ac id  
a t  pH 2,4-9 and 0.01M in  Mo#
W.R. Resin w t. 
S.
R(Mo) R(P)
0#94 1.354- 1.13 0.074-
CM•
H
1.209 1.59 0.123
2,04- 1.176 1.57 0.100
2.15 0.988 1.66 0.104
2.36 1.085 1.59 0.105
4.74 0.722 2.10 0 .1 6 2
6.13 0.363 2.15 0 .1 2 6
9,73 0.251 2.36 0.127
15.1 0.177 2.78 0.220
20.0 0.074 4-02 0.236
27.8 0.116 3.72 0.187
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TABLE 7
Column experim ents using  12-molybdophosphoric ac id  
so lu tio n , 0.0817M in  Mo, pH 1 .87 .
R esins 1 . W.R, 4 .7 4 , cap ac ity  4*67 m .equivs. Cl / g . ;  1.318 g.
_ per t e s t .  
2. W.R. 5*70, cap ac ity  4*54 m .equivs. Cl / g . ;  1.238 g .
p e r t e s t .
Blow r a t e : 25 ml. per 24 hours
Time M olarity  o f so lu tio n  w ith  r e s p e c t  to  Mo
(hours) Resin 1 Resin 2
24  0 .0 3 2 5  0 .0262
48 0.00835 0.00714
120 0.00513 0.00456
144 0.00914 0 .00510
168 0.0188 0 .0156
192  0 .0 3 2 6  0 .0292
216 0.0340 0.0269
288 0 .0 2 5 7  0 .0282
312 0.0369 0 .0210
336 0.0569 0.0364
384 0.0563 0.0403
456 0.0598 0.0454
480 0.0709 0.0613
648 0 .0800  0.0795
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TABU3 8 (F ig . 2 .)
V aria tio n  in  R value w ith  pH fo r  a 12-molybdophosphate 
so lu tio n  0.1M in  Mo. Anion exchanger r e s in  in  Cl form, 
w ater reg a in  value 4 - 5 *
pH
Equilibrium
A pH R(Mo) R(P)
10.01 -0 .39 0.46 0.00086
7.95 -0 .1 0 0.39 0.00089
7.35 +0.45 0.61 0.046
7.50 -0 .10 0.82 0.01
7.23 +0 .0 3 1 .2 6 0.02
7.00 +0 .6 0 0 .6 0 0.07
7.00 +0.20 1.89 0.07
6.20 +0.60 2.33 0.20
6.07 +0.17 2.01 0.22
5.98 +0.33 2.32 0.24
5.70 +0 .3 0 2.23 0.24
5.28 +0.38 2.41 0 .24
4.95 +0.45 '2.49 0.24
4.61 +0.51 2.66 0,29
4.05 +0.70 2.84 0.22
3.80 +0.70 3.20 0 .2 6
3.22 +0.72 3.42 0.27
2.73 +0.45 3.80 0.29
2.40 +O.30 4 .2 0.37
2.05 +0.37 4.67 0.33
1.78 +0 .0 3 5 .1 0 .3 4
1.65 4 .2 0.37
1.52 +0.02 4.2 0.36
0.99 -0 .01 4.78 0.39
0.87 +0.02 4 .6 4 0.43
0.58 - 4 .5 0.38
0 - 4*6 0.45
0.505M HNO* - 4 .5 0.39
0.940 " * - 4 .4 0.38
2.03 ” - 3 .8 0.40
1.93 w - 3 .7 0 .3 0
1.85 " - 3 .9 0 .3 0
i
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TABLB 9 (K Lg.5.)
V aria tio n  in  R-value w ith  w ater re g a in  fo r  
sodium -  12-molybdophosphate so lu tio n  0.1M in  Mo and pH 7*
Resins PH A PH R(Mo) R(P) ft
W.R. equ ilib riu m exchange
0.72 7 .1 +0.7 0.61 0.075 98
1.67 7 .0 0.6 0.56 0.080 98
2 .5 7 .0 0.6 0.58 0.078 100
4 .9 7.0 0.6 0.60 0.074 98
5 .7 7 .0 0 .6 0 .6 2 0.040 98
9 .8 7.1 0 .7 0.63 0.054 100
15.1 7.0 0 .6 0.67 0.054 100
Mean R « 0 .6 l ^ 0.065 4* ^-  0.01 -  o .006
As Table 5> pH 6.
TABLE 10 (P ig . 5 . )
W.R. pH
eq u ilib riu m
A pH R(Mo) R(P) %
exchange
0.72 5.95 +0.05 1.53 0 .062 83
1*20 6.00 +0.10 1.77 0.202 86
1.67 6.00 +0.09 1.95 0.195 100
2.50 6.02 0.12 2.01 0.222 100
3.20 6.02 0*12 2.20 0.222 100
4.90 6.07 0.17 2.01 0*222 100
6*64 6.08 0.18 2.05 0.209 100
9.80 6.11 0.21 1.87 0.190 100
15.1 6.09 0.19
Mean g
2.13
= 2.02 
0 .04
0.221
. 0.210 
* .005
100
%
:char
52
96
100
100
100
100
99
%
shan<
82
96
100
100
100
100
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TABLE 11 (P ig .5) 
D e ta ils  as fo r  Table 5# P** 2*5*
pH A pH R(Mo) R(P)
equ ilib riu m
2.27 -0 .03 1 .9 0.019
2.43 +0.13 2 .6 0.139
2.47 +0.17 2 .8 0.151
2.73 ♦0.43 3 .3 0.293
2.83 +0.53 3 .9 0 .2 9 6
2.73 +0.45 3 .8 0.299
2.89 +0.59 4 .3 0.348
Mean values on R on p la te a u  (See Pig* 5 . )
R(Mo) 3 .9 5  -  0.12 
R(p) 0.31 -  0.01
TABLE 12 (P ig .5) 
D e ta ils  as Table 5 , pH 1 .0
pH
eq u ilib riu m R(Mo) R(P)
1 .0 0 3.7 0 ,2 2
0 .9 8 4 .5 0 .3 0
0.99 4 .8 0.30
0.98 4 .2 0.38
0 .9 8 4 .7 0 .3 8
0.98 4.6 0.42
Mean R value on p la te au
R(Mo) 4 .7  -  0 .1
R(p) 0.39 ( l a s t  th re e v alu es o]
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TABLE! 15 (P ig .5 ) 
D e ta ils  as Table 5* pH 0.85
W.R* PH
equ ilib rium
R(Mo) *(P) %
exchange
2.5 0.85 3 .7 0.33 84
3*2 0.85 4 .6 0.43 96
4 .9 0.87 4*6 0.43 100
6*6 0.88 4 .9 0.39 100
9 .8 0.88 4 .5 0.40 100
15.1 0.89 3.3 0.4L 100
Mean value on plabeau
R(Mo) 4 .8  t  o . l  
R(P) 0.42 * 0.01
(F ig .5 )
D e ta ils  as Table 5, pH 0.58
W.R. pH* R(Mo) R(P) fo
equ ilib riu m exchange
0.72 0.58 0.03 0.04 99
1.67 0.58 0.53 0.02 99
2.3 0.58 1.31 0.04 100
4 .9 0.58 4 .5 0.38 100
3 .7 0.58 4 .4 0 .3 7 100
9.8 0i58 4 .5 0.39 100
16.5 0.58 4 .9 0.44 100
Mean values o f R on p la te au 4.58  £ .11 0.39 * 0.01
pH change <  0 .0 3  f o r  a l l  r e s in s .
'90'
(F ig .5)
D e ta ils  as Table 5, pH 0.
W.R. R(Mo)
0.72
1.67
2.5
4 .9
5 .7
9.8 
16.5
0.63
2 .2
4 .2
4 .6
4 .5
4 .4
5 .0
Mean R values on p la te a u
R(Mo) 4 .5  
R(P) 0.46
+ _
-  0.1
i  0.02
R(p)
0.10
0.23
0 .44
0.45
0 .44
0.46
0.52
% exchange
100
100
100
100
100
100
100
TABLE 16
Batch Experiment
100 ml. 12-molybdophosphoric ac id  so lu tio n  (0.095M in  Mo; Mo/P 
r a t i o  11.0  : 1; 1.85M in  HNO^).
Anion re s in s ,  ch lo rid e  form,
0.500 g . r e s in  per t e s t .  Equilibrium  time 25 days.
W.R. value * R(Mo) R(P) NO ~ s<
of r e s in Exchange J
0.72 100 0.82 0.075 49
1 .24 100 1.98 0.15 3
1.63 84 2 .0 6 0.23 6
2 .4 100 3.10 0.23 0
3 .2 100 3.85 0.31 0
5 .7 100 4 .0 6 0.29 0
7.2 100 3.87 0.30 0
18.5 100 4.22 0.33 0
Mean A 4 .00  
i  0 .0 9
. 0.31
i  0.01
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TABLE 17
Batch Experiment
S olu tion  100 ml, 12-molybdophosphoric ac id  -  n i t r i c  ac id  m ixtures 0.1M in  Mo* 
Resin 0*50 g. c h lo rid e  form, w ater reg a in  4*33*
E quilibrium  time 18 days*
Resins unwashed a f t e r  sep ara tin g  from so lu tio n
C n itia l [HN0-] pH % Mo sorbed NO ~ sorbed 
m.moles
R atio  Mo :
m o larity e q u il . exchange m.moles sorbed
0.97 0.32 100 8.15 - -
0.97 0.32 100 8.29 2 .4 11.7 : 1
0.49 0.59 100 8 .6 2 3.2 11.9 s 1
0.49 0.45 100 8 .6 2 2.2 11.9 : 1
0.20 0.79 100 9.19 0 .0 11.7 : 1
0.20 0.78 100
TABLE 18
9*19 0.0 11.7  : 1
As Table 17
Resins washed w ith co ld  w ater a f t e r  sep a ra tin g  them from th e  so lu tio n .
I n i t i a l  [HNQ,] % Mo sorbed NO, sorbed R atio R(Mo)
m o larity  ^ exchange m,moles m.moles Mo : P sorbed
0.51 98 9.43 0.02 11.5  ; 1 4 .5
0.96 100 8.87 0.00 11.5 : 1 4 .4
2.03 100 8.02 0.01 9.5 : 1 3 .8
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TABLE 19
C onditions as Table 17.
I n i t i a l  [HNO,] % Mo sorbed NO- sorbed R atio  Mo : P R(Mo)
m olarity  exchange m.moles m.moles sorbed
1 .9  100 7.10 7 .0  12.3 : 1 3 .7
3 .8  100 6.10 20 12.2  3*2
5.6  100 6.07 40 12.1  3 .2
8 100 7.07 -  10.0 3 .7
10 100 6.45 -  11.5 3 .3
TABLES 20
C onditions as  Table 17s R esin o f w ater re g a in  1 3 .0 , and 150 ml. o f  
so lu tio n  used  per t e s t .
I n i t i a l  [ UNO,] % Mo sorbed NO, sorbed R atio  Mo : P R(Mo)
m o la rity  exchange m.mo3.^s nn.moles sorbed
0 .5 0  100 9 .H  21 12 .8  : 1 4 .9
1.03 100 8.69 29 13.0  4 .7
2 .2  100 8 .5 8  18 1 3 .8  4 .7
4 .0  100 7.25 6 13.5 3 .8
5 .9  100 6.90 164 14.3  3 .7
7 .5  100 7.00 86 11.8  3 .8
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TABLB 21
Batch Experiment
S o lu tion  100 ini* 12-molybdophosphoric ac id  -  n i t r i c  ac id  so lu tio n s , 
co n cen tra tio n s  as showi 
Resin 1 g. c a tio n  re s in  H+ form (ZeoKarb 225, 2$ D.V.B., w ater reg a in
3 - 5 . C apacity 4 .18  -H equivs H+/ g . a i r  dry r e s in )
I n i t i a l  [ HNO,] I n i t i a l  [ Mo] Mo sorbed P sorbed R atio  Mo
m o larity m.moles m.moles m.moles sorbed
*L0 1 0 .0  0.95 0.053 17 : 1
*10 1 0 .0  0 .9 0 0 .0 5 6 16 : 1
10 3 .2 6  0 .74 0.084 8 .8  j 1
8 3 .2 6  0.25 0.059 4 .2  : 1
6 3.26 0.17 0.035 4 .8  : 1
4 3.26 0.29 0 .0 2 1 14 « 1
2 3.26  0.52 0.035 15 : 1
1 3 .2 6  0.79 0.183 4 .3  : 1
* 0 .5  g. r e s in  used per t e s t .
TABLE 22
V aria tio n  in  R w ith  molybdenum co n cen tra tio n  using a 12-molybdophosphoric 
a c id  so lu tio n .
Resin Water reg a in  4.3* n i t r a t e  form; cap ac ity  3*80 !1 equivs N0^ / g .
Mo sorbed E quilib rium  [ Mo] pH ApH R(Mo) R(P)
m.moles m o larity Equilibrium
8.75 0 .042 2.05 +0.37 4 .7 0.33
6.75 0.035 2 .1 0 +0.41 4 .4 0.31
9 .8 8 0.027 2.15 +0.27 4 .4 o .3 l
6 .0 2 0 .020 2.38 +0.44 4 .0 0 .2 6
4.09 0 .0 1 1 2 .6 0 +0.41 3 .6 0.19
2.39 0 . 004. 2.83 +0.35 3.2 0.18
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TABLE 23
V aria tio n  in  R w ith molybdenum co n cen tra tio n  using 
a 12-molybdophosphoric ac id  so lu tio n , pH 1 .4 -1 *8 
R esin: Water reg a in  4 .9 , c h lo rid e  form.
Mo sorbed 
m. moles
Equilibrium  [Mo] 
m o larity
fo age 
exchange
R(Mo) R(P)
1.35 0.009 87 0 .8 0 .2 2
5.51 0.009 96 2.9 0 .2 7
8.33 0.023 98 4 .3 0.33
8 .1 2 0 .0 4 1 98 4 .2 O.3 6
7.97 0*064 100 4 .1 0.37
7.53 0 .1 0 3 98 3 .9 0.35
8.57 0.141 100 4 .4 0.13
8.93 0 .161 100 4 .4 0.19
Mean 4*2 -  0.03 
(exclud ing  the  f i r s t  two r e s u l ts )
-9 5 -
TABLE 21-
Batch Experiment
130 ml* 12-molybdophosphoric ac id  so lu tio n , Mo : P r a t io  12 : 1, pH 1*65. 
E quilibrium  tim e: 23 days
r\fater Regain % pH E quilib rium  [ Mo] R(Mo) R(P)
exchange E quilibrium m olarity
3.2 100 1.68 O.67  3 .6 0.23
4 .9 100 1.69 0.056 4 .2 0 .3 2
6 .4 100 1.73 0.054 4 .6 0.41
9.8 100 1.75 0.049 4 .5 0.39
11.0 100 1.75 0.048 4 .8 0.42
15.1 100 1.75 0.049 5.5 0.38
Mean 4 .7 -0 .2 0  0*38-0.01
TABLE 25
rim ent as Table 23. S o lu tion  pH 1.26*
ifater Regain $
exchange
pH
Equilibrium
E quilibrium  [ Mo] 
m o larity
R(Mo) R(P)
3 .2 100 1.25 0*058 3 .6 0.19
4 .9 100 1 .2 6 0.042 4*8 0 .3 6
6*4 100 1 .2 6 0.041 5 .2 0.37
9.8 100 1 .2 6 0*040 4 .8 0.35
11.0 100 1 .2 6 0.037 5 .1 0.38
15.1 100 1.27 0.048 4 .7 0.041
Mean 4 .9^6 .1  0 .37-0 .01
* s^ **
TABLE 26 (P ig .8)
Batch Experiment V aria tio n  of R-value w ith  i n i t i a l  Mo : P r a t io  in
0.1M in  Mo so lu tio n s .
S o lu tions -  100 ml. molybdic ac id  -  phosphoric ac id  m ix tures, co n cen tra tio n s
and pH values are as d e ta ile d .
Resin -  0 .4  g . anion-exchanger in  ch lo rid e  form, capao iiy  3*80 m .eq u iv s/g .,
w ater reg a in  value 4*9.
Equilibrium  tim e -  30 days.
S o lu tion Mo 5 P Colour of pH A  ph %
i n i t i a l so lu tio n i n i t i a l exchs
1 2.79 : 1 pale  yellow 1.56 +0.05 100
1 2.79 pale  yellow 1.56 +0.05 100
2 5.19 yellow 1.69 - 0 .0 6 100
2 5.19 yellow 1.69 - 0 .0 6 100
3 7.10 deep yellow 1.80 -0 .0 3 100
3 7.10 deep yellow 1.80 -0 .0 2 100
4 10.6 deep yellow 1.79 +0.02 100
4 10.6 deep yellow 1.79 +0.02 100
5 15.3 deep yellow 1.78 +0.07 100
5 13.3 deep yellow 1.78 +0.07 100
6 20.5 deep yellow 1.88 -0 .0 7 100
6 20 .5 deep yellow 1.88 -0 .0  6 100
TABLE 27 , (F ig .8- 9 )
S o lu tio n R(Ko ) R(P) fa P sorbed (Mean)
1 4 .0 7 , 4 .0 6 1 .45 , 1.46 61
2 4 .4 4 , 4.49 0 .99 , 1.00 75
3 4 .20 , 4.22 0 .75 , 0.71 76
4 4 .16 , 4 .18 0 .49 , 0.53 75
3 4 .1 9 , 4 .30 0 . 36 , 0 .3 8 86
6 4 .2 0 , 4 .22 0.29 , 0 .28 88
TABLE 28
150 ml* molybdic a c id  -  phosphoric ac id  m ixtures in
mole r a t io  Mo : P of 8 ; 1 [Mo] = 0*1M and pH 1*72.
Resin -  0 .4  g. ch lo rid e  form
E quilibrium  time -  20 days.
Water Regain A  pH Equilibrium  [ Mo] R(Mo) ftO?)
m olarity
3.2 - 0 .03 0.040 4 .2 0.27
4*9 -0 .1 8 0.034 4 .0 0 .3 6
6 .4 -0 .13 0*054 4*6 0.42
5 .3 +0.03 0.054 4 .3 -
9 .8 +0.03 0.054 4 .1 -
11.0 +0.03 0.052 4 .4 0 .44
15.1 +0.03 0.053 5 .0 0.49
Mean 4 .4  -  0.1
TABLE 29
Batch Experiment as Table 28.
Mo : P r a t io  = 8.6 : 1; pH 1.72 [ Mo] sS 0.057M.
ftfater Regain A pH E quilibrium  f Mo] R(Mo) R(P)
"" m olarity
3 .2 -0 .03 < 0.01 3 .8 0 .3 6
K.9 +0.07 < 0.01 3.5 0.33
6*4 +0.02 0.015 4 .2 0.39
5.3 +0.02 0.015 4 .0 -
9 .8 -0 .0 7 0.031 3 .9 -
11.0 +0.10 0.013 4 .1 0 .3 9
1 5 .1 +0.07 0.015 4.5 0 .4 7
Mean 4 .0  -  0 .1
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TABLE 30
Batch Experiment as Table 28,
Mo : P r a t io  7 : 1; [Mo] = 0.01M; pH 0 .7 .
Equilibrium  time -  20 days.
Water Regain R(Mo) R(p ) Equilibrium  [ Mo]
m o la rity
4 .9  4 .0  0.49 0 .0 5 0
5.3  4 .1  0 .54  0.049
6 .4  3 .8  0.50 0.049
11.0 3 .6  0.45 0.047
15.0 4 .0  0.49 0.048
TABLE 31
Batch Experiment
R values in  molybdmc ac id .
Water Regain Equilibrium  [ Mol pH fo R(Mo)
m o larity E quilibrium exchange
4 .9 0.045 1.82 100 4.23
4 .9 0.043 1.90 100 4.20
4 .9 0 .1 0 9 1.68 100 4.64
4 .9 0.109 1.70 100 4 .6 1
9 .8 0.040 1 .8 2 100 4.40
9 .8 0.043 1.84 100 4.43
9.8 0.104 1.58 100 4.90
9.8 0.105 . 1.58 100 4.81
“99”
TABLE 52 (P ig ,30*)
pH t i t r a t i o n  o f 50 ml. molybdophosphoric ac id  so lu tio n , 
0.081M in  Mo w ith  1.00N NaOH
o l, a lk a l i equ ivs. OH added ApH A pH
added
m l.
g.atom  Mo '  ' A
0 0 1.69 0
0 .1 2 0.0295 1*73 1.358
0 .5 0 0.123 1 .8 6 1.391
1 .0 0 0.246 2.13 2.195
1 ,2 0 0.293 2 .2 8 3 .0 6
1.40 0.344 2.44 3.27
1 .6 0 0.394 2.67 4 .6 0
1 .8 0 0.443 3*01 6.94
2 .0 0 0.492 3.47 9.38
2 .1 0 0 .516 3.78 12.9
2 .2 0 0.542 4.01 8.84
2.40 0.591 4.31 6,33
2 .6 0 0.640 4 ,6 4 6.53
2,80 0.689 4 .84 4.08
3,00 0.738 4.99 3 .0 6
3.40 0.836 5,22 2.35
3,60 0.885 5.31 1 .8 4
4.00 0.985 5.43 1.20
/Contd,. .
-1 0 0 -
Table 32 (C ontd .)
I ,  a lk a l i  equivs, OH added / ft\ -A jlSL
added g , atom MO ^A'  A
ml
5.00 1.23 5.66 0.916
6.00 1.48 5*84 0.72
6 .5 0  1 .6 0  5.93 0.75
7.05 1.79 6.08 0.789
7.50 1.85 6,24) 2.67
7*70 1.90 6.37) K 2 .6 0
8.00 1.97 6 .98) 8.71
8.20 2.02 7.48 10.0
8.40 2 .0 7  8.73 5 .6
8 .6 0  2.12 9.60 17 .4
8.80 2.17 1 0 .7 0  22.0
9.00 2.22 11.24 10 .8
9.50 2 .34  11.72 4.00
10.00  2.46  12.00  2,33
I I .0 0  2 .7 1  1 2 .3 0  1.20
12.00 2 .9 6  12.48 0.72
X Immediate pH change la rg e , sev e ra l pH u n i ts .
A fter 10 m inutes steady values ob ta ined , a s  recorded .
Vol
-101 -
(Fig.ia)
pH t i t r a t i o n  o f 50 ml. sodium 12-molybdophosphate so lu tio n  
(0.0812M in  Mo, pH 6.15) w ith hydroch loric  ac id  1.00N.
acid  added equ ivs. H added / . \  ApH A pH
ml. g.atom  Mo '  '  ^
0 0 6.15 -
0 ,5 0 .1 2 3 5.96 1.55
1 .0 0 .246 5.86 0.813
1 .5 0 .369 5.77 0.732
2.0 0.493 5.70 0 .5 6 5
2*5 0.616 5.62 O.6 5
3 .0 0.738 5.53 0.739
3 .5 0 .862 5.42 0.886
4 .0 0.985 5.31 0.985
4 .5 1,11 5.11 1 .6 0
5.0 1.23 4 .81 2.50
5*2 1 .2 8 4.59 4.40
5 .4 1.33 4.22 7.40
5 .6 1.38 3.92 6.00
5 .8 1.43 3 .2 8 12.8
6 .0 1.48 2.73 11.0
6 .2 1.53 2.37 7.20
6 .4 1.58 2.16 4.20
/Contd.•.
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L. ac id  added equ ivs. H added / , \ ApH A pH
ml. g.atom  Mo ■' A
6.6 1.63 1.99 3.40
6 .8 1.68 1.92 1.40
7 .0 1.72 1 .8 2 2.50
7.2 1.77 1.73 1.80
7 .4 1.82 1.67 1.20
7.6 1.87 1 .6 1 1.20
8 .0 1.97 1.52 0 .900
8 .5 2 .0 9 1.42 0.834
9.0 2.22 1.35 0.537
9.5 2.34 1.27 0.667
10.0 2.46 1.21 0 .500
11.0 2.71 1.11 0.400
12.0 2.96 1.02 0.360
1 3 .0 3.20 0.98 O .I67
14.0 3.45 0.92 0.240
16.0 3 .94 0.83 0.184
18.0 4.43 0.77 0.123
20.0 4.93 0.72 0.100
3 0 .0 7.39 0 .54 0.073
40.0 9.85 0.46 0.032
5 0 .0 12.3 0.40 0.024
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T itr a t io n  of 50 ml. 12-molybdophosphoric ac id  so lu tio n  
pH 1*71 w ith sodium phosphomolybdate so lu tio n , pH 6,15* Both so lu tio n s
a t  0.0813M in  Mo.
Volume s a l t  so lu tio n  eq u iv s . H+ pre sent pH
added ml. g. atom Mo ( to ta l )
0 -  1 .7 1
1 .0  I .9 6  1 .74
2.1  1.78
3 .0  1 .84
4 .0  1.89
5.0  1.82 1.97
6.0  1.78 2.03
7 .0  2.09
8.0  1.72 2.16
9.0  1.67 2.24
10.0 2.33
11.0 2.43
12.0  1 .6 2  2 .54
1 3 .0  2.66
14.0 1 .58  2.81
15.0 2.97
16.0  1.52  3.21
17.0 3.48
/Contd.. .
-1 0 4 -
TABLE 34 (Contd.)
Volume s a l t  so lu tio n  equ ivs. H -present pH
added ml, g.atom  Mo ( to ta l )
17.5 3 .6 0
18.0 1.47 3 .7 3
18.5 3.85
1 9 .0  3 .9 6
2 0 .0  1 .4 3  4 .1 4
21.0 4.29
22.0 1 .38  4.42
23.1 4 .5 4
24.0 1.33 4.63
25.0 4 .72
2 6 .0  1 .2 9  4 .79
2 7 .0  4 .8 5
28.0 4,91
3 0 .0  : ,2 2  5.01
32.0  . 5 .08
34.0  5 .1 4
36.0  1 .14  5.20
3 8 .0  5 .2 4
40.0  5.28
44 .0  1 .0 4  5 .34
5 0 .0  1 ,00 5.42
-105-
m m  .35 (p ig . ia )
T itr a t io n  of 50 ml* sodium 12-molybdophosphate so lu tio n  
pH 6.15 w ith  phosphomolybdic ac id  so lu tio n  pH 1 .7 1 . Both so lu tio n s
a t  0.0813M in  Mo.
Volume ac id  so lu tio n  equivs. H* added pH
added ml. g.atom  Mo ( to ta l )
0 0 6 .1 5
1 .0  0 .0 4  6 .1 2
3 .0  0.15 6.08
5.0  0.22 6.03
7.0 0.27 5.98
9 .0  0 .34 5.95
1 4 .0  0.45 5.90
23.0 0 .64  5.76
33.0 0.80 5.66
53.0 1.02 5.47
73.0 1 .1 5  5 ,2 6
93.0 1 .27  5.01
1 0 3 .0  1.33 4.87
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S E C T I O N  IV 
DISCUSSION AND INTERPRETATION OF RESULTS
1. R-values above pH 7«
2. R~values between pH 5-7 .
3. H -values below pH 5*
4 . Summary.
The experim ental evidence th a t  has been accumulated i s  
c o n s is te n t w ith  the form ation of condensed species th a t  known to
occur as so lu tio n s  con ta in ing  molybdate and phosphate ions are made 
p ro g ress iv e ly  more ac id (P ig s . 2 and 10)* While the d a ta  ob ta ined  from 
pH t i t r a t i o n s  in d ic a te d  a s in g le  stage of condensation only , the  r e s u l t s  
of the io n -sc reen in g  t e s t s  and R-value de term inations in d ic a te d  two 
condensation s tag es  w ith  a second condensation s tep  a t  lower pH v a lu es , 
when the R(Mo) values rose fu r th e r  from 2 to  5*
A dd itional evidence f o r  a tw o-step condensation was provided by 
the changes in  pH (6pH) occurring  when the  re s in s  were allowed to  come 
to  eq u ilib riu m  vdth  the so lu tio n s  a t  d i f f e r e n t  i n i t i a l  pH values*
No s in g le  r e s in  w il l  show the same degree o f  a f f in i ty  towards 
d if f e re n t  io n s , since th ese  w i l l  be d is s im ila r  in  s ize  and charge 
d e n s ity  (see S ection  1*4)* I t  i s  t ru e ,  in  general^  th a t  fo r  a given 
io n ic  charge, the la rg e r  the  ion  the  g re a te r  i s  the a f f in i ty  f o r  the 
r e s in ,  provided th a t  the r e s in  i s  s u f f ic ie n t ly  porous* The p r e f e r e n t ia l  
so rp tio n  of an ion  f ro n  a so lu tio n  thus causes a d istu rbance in  the 
equilibrium * I f  t h i s  eq u ilib riu m  i s  one invo lv ing  condensation re a c tio n s  
of th e  'type considered  here then  th e re  w il l  be a corresponding change in  
the pH o f the so lu tio n . However, i f  the  ion  sorbed i s  the one th a t  
predom inates a t  the p a r t ic u la r  pH value then  c le a r ly  the  value of 
6 pH w il l  be sm all o r zero* Thus, the measurement of 6 pH w i l l  provide 
u se fu l in fo rm ation  as to  the com position of th e  so lu tio n  a t  a given pH.
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The p lo t  of 6pH a g a in s t equ ilib rium  pH, ob tained  from the da ta  in  
Table 8, which i s  given in  F ig . 3a, shows two p o s itiv e  peaks. This 
in d ic a te s  th a t  two major condensation s tag es  a r is e  as the  pH i s  lowered 
below 7* The f a c t  th a t  6 pH i s  zero a t  pH 1-1*7 and again  a t  pH 7-8, 
in d ic a te s  th e  presence in  so lu tio n  a t  these pH ranges of spec ies  which 
are p re se n t in  r e la t iv e ly  la rg e  q u a n ti t ie s .  T heir removal, th e re fo re , 
causes l i t t l e  d istu rbance to  the equ ilib rium . In the reg io n  of pH 2-5> 
6-7, m ixtures of ions e x is t  s ince the d istu rbance  i s  a maximum in  th ese  
reg io n s. C onsidera tion  o f s im ila r  d a ta  ob ta ined  from io n -screen in g  t e s t s  
conducted a t  p a r tio u lo i4 pH values w ith  r e s in s  of a range of w ater reg a in  
values p rov ides a d d itio n a l evidence f o r  t h i s .  A p lo t  o f 6 pH a g a in s t 
w ater reg a in  f o r  the t e s t s  conducted a t  pH 7 does show a s ig n if ic a n t  
change in  pH, bu t i t  i s  n ev e rth e le ss  co n s tan t throughout the  complete 
range of w ater reg a in  values s tu d ied  (F ig . 3h). S o lu tio n s  of pH 7 are 
very su sce p tib le  to  sm all changes in  the hydrogen io n  co n cen tra tio n  
and very sm all d is tu rb an ces  in  the so lu tio n  equ ilib rium  w i l l  produce 
la rg e  v a lu es o f 6 pH. Thus the co n s tan t values of both  6 pH and R(Mo) 
to g e th e r  w ith  th e  very sm all value o f R(p) (Table 9*)> suggests th a t  a 
s in g le  sp ec ies  having R(Mo ) o f c i r c a  0 .5  predom inates in  the so lu tio n  
and i s  undergoing exchange. At pH 6 (Table 10), however, an 
in c re a s in g  consumption o f hydrogen io n s  i s  observed as the  w ater reg a in  
value i s  in c reased , le v e l l in g  o f f  a t  a s tage  corresponding to  the 
u n in h ib ited  so rp tio n  of a spec ies  having R(Mo) = 2 . 0  and R(P) = 0 .21.
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E vidently  a t  th i s  pH a d if f e r e n t  spec ies  e x is ts  which i s  la r g e r  in  s ize  
than th a t  found a t  pH 7 and above.
The 5 pH values obtained  a t  low pH in d ic a te  th a t  condensation i s  
a maximum a t  pH 1 .7 . P lo ts  of 6 pH ag a in s t w ater reg a in  fo r  batch  
experim ents conducted a t  i n i t i a l  pH values o f 2.3* 1*7 and 1 .5  (P ig . 3h) 
show th a t  only a t  pH 2.3 i s  th e re  a considerab le  drop in  hydrogen io n  
co n cen tra tio n  and marked dependence of 6 pH on the w ater reg a in  value . 
C lea rly , f u r th e r  condensation i s  occu rring  as the  la rg e r  polymeric ions 
are p r e f e r e n t ia l ly  removed from the so lu tio n  when a r e s in  of s u f f ic ie n t  
p o ro s ity  i s  used. At pH 1 .75 , th e re  i s  re le a se  o f hydrogen ions in to  the 
so lu tio n  when equ ilib rium  i s  e s ta b lish e d  w ith  r e s in s  of low w ater re g a in , 
in d ic a tin g  th a t  a decondensation p rocess  tak es  p lace  to  allow  the  sm aller 
polymeric spec ies  to  be exchanged by the r e s in s .  This e f f e c t  d isappears 
a t  w ater reg a in  value g re a te r  than  4 , corresponding to  the  p o in t a t  
which a c o n s tan t R(Mo) value appeared when p lo t te d  as a fu n c tio n  of w ater 
reg a in  value (F ig . 1 . ) .  S im ila rly , below a w ater re g a in  value o f 4, the 
percen tage of s i t e s  occupied by molybdate sp ec ies  i s  below the maximum 
of 10C^, which i s  the le v e l  fo r  a l l  r e s in s  o f  h igher w ater reg a in  value 
(Table 4 ) .  This i s  in  agreement w ith  the id ea  th a t  a s in g le  sp e c ie s , o r 
a m ixture o f species  of very  s im ila r  a f f in i ty  fo r  the  r e s in  and o f 
s im ila r  s iz e , e x is t  a t  pH 1 .7 .
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4 .1 . In te rp re ta tio n  o
The low R(p) values in d ic a te  th a t  th e re  i s  only weak com petition
fo r  the r e s in  hy simple orthophosphate io n s . In  view o f the r e la t iv e ly  
high co n cen tra tio n  o f molybdate ions the p r e f e r e n t ia l  so rp tio n  of these  
would be expected from mass a c tio n  co n s id e ra tio n s  alone. I t  has been 
shown [18] th a t  a r e s in  favours the  so rp tio n  of molybdate ions vjhen 
these  are in  com petition w ith  ch lo rid e  ions and s im ila r  com petition  
between ol'tho-phosphate io n s  and c h lo rid e  io n s  favours the so rp tio n  
of the  l a t t e r  [ 78]• The p r e f e r e n t ia l  so rp tio n  o f molybdate io n s  in  
com petition w ith  ortho-phosphate ions d escrib ed  above i s  in  keeping w ith  
these  f a c ts  and confirm  the view th a t  simple molybdate ions (MoO^) and 
ortho-phosphate ions predominate in  so lu tio n s  a t  pH 7 &ncl above.
The ra p id  r i s e  in  R-value below pH 7 .5  fo r  both  molybdenum and 
phosphorus (F ig . 2) i s  s trong in d ic a tio n  th a t  a condensation re a c tio n  
occu rs. The in te r ru p tio n  of t h i s  upward tren d  a t  pH 6 suggests f u r th e r  
th a t  th i s  f i r s t  condensation i s  fo llow ed by a second re a c tio n  as the  pH
The th e o re t ic a l  R(Mo) value fo r  simple molybdate ions i s  0 .5 .
Thus the  io n -sc reen in g  t e s t s  conducted a t  pH 7 (equ ilib rium ) may in d ic a te  
th a t  a sm all p ro p o rtio n  of a more condensed sp ec ies , o r o f HMoO^  io n s  
{and'mo fit probably , the  form er) c o -e x is ts  a t  t h i s  pH, since a mean 
R(Mo) value o f 0,61 was d e tec ted .
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i s  lowered even more* That the  f i r s t  stage i s  not a simple p ro to n a tio n  
re a c tio n  of the molybdate ion  i s  ev iden t from the f a c t  th a t  th e re  i s  
no in f le c t io n  a t  an R-value o f 1 .0  as req u ired  by
Moo£~ + H+  ^ HMoO*~  *........ 1.
R = 0 .5   -------   > R = 1 .0
S ig n if ic a n t co n cen tra tio n s  of th e  io n , HMoO^  , are apparen tly  
no t p re se n t. However, the p a r t ic ip a t io n  of th is  ion  in  the condensation 
p rocess cannot be excluded. While th e re  i s  a strong tendency f o r  the 
R(Mo) value to  le v e l  o ff  a t  a value of approxim ately 2, the curve soon 
r i s e s  again towards a maximum value o f 5 a t  lower pH. I t  i s  c le a r ,
then , th a t  a t  pH 6 and below, fu r th e r  re a c tio n  occurs, the product of 
which ra p id ly  e s ta b lis h e s  i t s e l f  as a com petitor f o r  the r e s in  s i t e s .  
Comparison between the curves ob ta ined  in  th is  work and those ob ta ined  
f o r  molybdic ac id  so lu tio n s  [18] dem onstrate c le a r ly  th a t  fu r th e r  
re a c tio n  occurs between the  condensed molybdate sp ec ies  formed a t  pH 6-7 
and phosphate ions (F ig . h9 curves 1 and 3)* The upward displacem ent 
o f the R-values show th a t  th i s  new spec ies  has a h ig h er R-value than  
the isopolym olybdate o f R(Mo) = 2 and i s  probably of g re a te r  aggregation  
than the f i r s t  condensation p roduct. The R(P) values in c rease  
s im ila r ly  below pH 7*5 from <C0.1 to  a value between 0 .2  and 0 .22 . This 
suggests th a t  phosphate-m olybdate in te ra c t io n  has taken  p la c e . A 
comparison of the R(P) values ob tained  here w ith  those ob ta ined  from
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phosphate so lu tio n s  [78] confirm  th i s  opinion (F ig . 4 , curves 2 and 4)«
Thus, although bo th  curves have a p la te a u  reg ion  extending above pH 1+5,
the smooth r i s e  in  R(p ) value corresponding to  the  p ro to n a tio n  of the 
2—ion  HPO  ^ between pH 1+5 - 3  i s  in te r ru p te d  by the appearance of an 
extended p la te a u  corresponding to  R(P) ^  0 .2 . This p la te a u  g en tly  r i s e s  
to  a maximum R(P) value ^  0 .4  w ith  in c rea s in g  a c id i ty  of the so lu tion*
Two p o s s ib i l i t i e s  can account f o r  th e  d ev ia tio n s  in  R -values.
E ith e r  the sim ple uncondensed io n s  in te r a c t  d i r e c t ly  a t  a s u ita b le  pH 
to  produce a condensed molybdophosphate io n  o r the phosphate io n  re a c ts  
w ith  an isopolym olybdate sp ec ie s . The l a t t e r  i s  most l ik e ly  from a 
c o n s id e ra tio n  of the pH t i t r a t i o n  da ta  (F ig . 1C)« These s tu d ie s  showed 
th a t  the predominant re a c tio n  occurring  during th i s  f i r s t  condensation
•fi*
stage req u ire d  the consumption o f 1 .5  e q u iv a len ts  of B p er g . atom of Mo. 
This value was shown to  be v a l id  fo r  bo th  molybdic ac id  so lu tio n s  and a 
”12-molybdophosphate” so lu tio n , by t i t r a t i o n  of the sodium s a l t  so lu tio n s  
w ith  ac id s  (see Table 33 and F ig . 12). In  a s im ila r  fa sh io n , the 
t i t r a t i o n  curves ob tained  f o r  the n e u tr a l is a t io n  of molybdic a c id  and 
”12-molybdophosphoric ac id ” so lu tio n  by bases were v i r tu a l ly  id e n t ic a l  
(F ig . 10 ). The only p o in t of d iffe ren ce  arose a t  the f in a l  p o in t of 
n e u tr a l is a t io n  which i s  accounted fo r  by the  presence of phosphoric ac id .
F u rth er in fo rm ation  as to  the natu re  of the ions p resen t a t  the 
f i r s t  condensation s tage was shown by the e f f e c t  of change in  w a te r-reg a in
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value of the  r e s in  upon th e  R-values obtained* The d a ta  ob tained  a t  
pH 6 (F ig . 5) show^' c le a r ly  th a t  above a w ater reg a in  value of about 
2 co n stan t R-values fo r  bo th  Mo and P are  o b ta ined . The appearance of 
the  extended p la te au  shows the ex is ten c e  of a  s in g le  species  or p o ss ib ly  
sev e ra l species  w ith  s im ila r a f f in i ty  f o r  the r e s in .  The a d d itio n a l io n ic -  
sieve e f f e c t  shown by r e s i r s  of W.R*<C 2 confirm  th a t  the spec ies  are 
la r g e r  in  s iz e  than the  molybdate io n  (MoO^) , and sm aller than those  
e x is t in g  a t  lower pH v a lu es .
Comparison of the R(Mo) values ob ta ined  from molybdophosphate 
so lu tio n s  w ith  those ob tained  from molybdic ac id  so lu tio n s  (Fig* 4) 
suggests th a t  a more h igh ly  condensed ion  i s  p re se n t and furtherm ore 
co n ta in s  phosphorus, since the  R(Mo) and R(P) values both show the same 
upward tre n d  as the so lu tio n s  are  p ro g re ss iv e ly  made more ac id . From 
h is  s tu d ie s  o f molybdic ac id  s o lu tio n s , Cooper [ 18] showed th a t  the  f i r s t  
major condensation spec ies  appearing as a molybdate so lu tio n  was
2—p ro g re ss iv e ly  a c id if ie d  was p o ss ib ly  the te tram olybdate  io n , Mo^O^ , 
which predom inated a t  pH 5 -6 . The o v e ra ll  condensation was rep re sen ted  
a s ,
4MoC)f~ + 6H+ — ^ Mo,0?r + 3Ho04- 4- 13 2
R(Mo) * £  O 0 .5  a(Mo) O V 2 = 2 .0
To meet the requirem ents o f the experim ental evidence which demands an 
io n  o f R(Mo) '“*v 2 and R ( P ) ^  0*2, the  form ation of the  9~J&olybdophosphate
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i s  suggested (PMo^O^)^"-, R(Mo) = ^ /5  = 1*8 and R(P) -  V s  = 0*2. This 
io n  might, f o r  example, be produced by in te ra c t io n  of the  te tram olybdate  
io n , phosphate ions and simple molybdate io n s,
^  Mo4°13^ 2~ + Mo04* + + 3H+ [FMo^O^]3" + 2H20 .
Since i t  i s  w ell known th a t  th e  polymolybdate io n  corresponding 
to  t h i s  f i r s t  s tage of aggregation  (R = 2) re a d ily  undergoes fu r th e r  
condensation re a c tio n s  to  produce ions o f h igher aggregation  (R > 2 ), the  
presence o f a small, b u t s ig n if ic a n t  co n cen tra tio n  of such ions i s  to  be 
expected* Such ions have a strong  a f f in i t y  fo r  the  r e s in  s i t e s  and
th e re fo re  would be sorbed. Thus the presence o f sm all co n cen tra tio n s  o f
2—
the decamolybdate io n  L-®2^°2$®32 9 r e I)or^e<^  si mi l ar  s tu d ie s  of
molybdic a c id  so lu tio n  [ 18] o f fe r  an exp lan atio n  fo r  the  s l ig h t ly  enhanced 
R(Mo) v a lu es observed. The decamolybdate io n  could  be formed by the 
condensation re a c tio n
5[ M o ^ ]  2"  + 6H+ —»  ' 2[ H2Mo10032] 2“  + B20
R(Mo) = V s  = 2.G R(Mo) = 10/ 2  * 5 .0
The so rp tio n  of anion R(Mo) = 5 .0  in  sm all r e la t iv e  co n cen tra tio n s  
sim ultaneously  w ith  the 9-niolybdophosphate io n  R(Mo) = 1 .8  r e a d ily  
accounts fo r  th e  observed R(Mo) values o f 2*0 a t  pH 6 and a lso  f o r  the  
steady climb in  th ese  values below pH 6.
I t  i s  suggested, th e re fo re , th a t  the major heteropo ly  species 
p re sen t in  so lu tio n  a t  pH<C 6 i s  the 9-iao lybdophosphate io n , to g e th e r  w ith  
sm aller co n cen tra tio n s  of th e  decamolybdate ion*
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4*3. In te rp re ta t io n  of R -values below pH 5
As the so lu tio n  i s  p ro g re ss iv e ly  a c id if ie d  below pH 6 the  values 
of R(Mo) and B.(P) d iverge (F ig . 2 ) , although bo th  show an upward tre n d .
The r e la t iv e ly  ra p id  r i s e  in  R(Mo ) to  a maximum value of 5 .0  a t  
approxim ately pH 1 .7  suggests th a t  the  decamolybdate ion  i s  becoming the 
major so lu te  sp ec ies , and i s  being produced a t  the expense of the 
9-molybdophosphate io n . N evertheless the continued  so rp tio n  of a 
phosphorus spec ies  of R(P) ^> 0 .2  re q u ire s  th a t  a new heteropolyanion  
species  i s  formed. The n a tu re  of t h i s  ion  must s a t i s fy  the value of 
H(p) ss 0 .4  which was observed as the  maximum value a t  pH 1-2 . A simple 
p ro to n a tio n  re a c t io n  invo lv ing  the e x is tin g  S-'&olybdophosphate ion  b a re ly  
s a t i s f i e s  the demands o f the R values observed, as the follow ing d a ta  shows
R(Mo) R(P)
[ P M o ^ g ]5 -  1 .8  C%20
[HPMo9032] if“  2.25 0.25
rBgPMo.O^]3"  3 ,0  0.33
[ H,PMo90J2] 2“  4 .5  0.50
In  a d d itio n  the r a t io  o f molybdenum to  phosphorus sorbed as the 
pH i s  lowered r i s e s  from ca , 10:1 to  a value ju s t  exceeding 12:1 . This 
i s  i l l u s t r a t e d  in  the fo llow ing  ta b le  which i s  c a lc u la te d  from the curves 
(F ig . 2 ) .
pH 6 5 4  3 2 1.
Mo: P sorbed 1 0 .4  10 .0  11.2 12 .4  12.9 12.2  . 12 .0
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Those observations suggest th a t  the second major condensation 
spec ies  has a Mo:P r a t io  o f 12:1 and predom inates a t  pH values below 3. 
Such an ion  may be fo rm ulated  as [ *
The ex isten ce  of the 12-molybdophosphate ion  i s  w ell documented 
and has been r e fe r r e d  to  in  S ection  1 .1 . ,  and th e  presence o f the 
t r i p l y  charged species 0 ^ ° ^ 2^4jCr a c id  so lu tio n  confirm ed
by various w orkers.
Thus, when x = 0 in  the above form ula the  values o f R(Mo) and R(P) 
are 4*0  and 0 .3 3  re sp e c tiv e ly ; when x = 1 these  values become 6 .0  and 
0 .5 . These l a t t e r  values are considerab ly  in  excess o f the  maximum 
R-values observed experim entally  w hile the  form er are  low. I t  i s
3-ev id en t th a t  in c re a s in g  q u a n ti t ie s  of the 12-molybdophosphate [ 
ion  are  undergoing exchange bu t a t  the same time a sm all p ro p o rtio n  
( c irc a  35%) o f the p ro to n a ted  ion  £HPMo^O^q] ^  i s  a lso  being sorbed.
Thus the  presence of the io n s  (PMo^O^)^*", R(Mo) ~ 4-*0 and (HPMo^O^q)2*"*, 
R(Mo) =s 5#0 R(p) 0.50 are in  accord w ith  the maximum R(Mo) values 
ob ta ined  experim en tally  (see F ig . 2) and a lso  w ith  the Mo:P r a t io  sorbed 
by the r e s in ,  which i s  c lo se  to  12:1 (a c tu a lly  12 .2 :1 ) a t  pH 1 . As 
the so lu tio n  i s  a c id if ie d  f u r th e r  the R(Mo) decreases slow ly bu t never 
f a l l s  below a value o f 4 , thus a t  pH 0.58 th i s  value i s  4*6 and R(p) = 
0*39* bo th  values rep re se n tin g  the mean value c a lc u la te d  from the 
p la te a u  (see Table 14), i . e .  the  values ob ta ined  when the  ions have
u n re s tr ic te d  access to  the r e s in  s i t e s  fo r  a range o f h igh  W.R. r e s in s .  
S im ilar c a lc u la tio n s  derived  from s tu d ie s  o f so lu tio n s  s tro n g ly  ac id  
in  n i t r i c  ac id  (1.85 M) y ie ld  R(Mo) » 4 .O and R(P) *= 0.31 (see Table 16 
and F ig . 5)* This f a l l  in  both  R(Mo) from the maximum o f 4 ,6  and of 
R(P) from the maximum of 0*5 would a r is e  from the sim ultaneous so rp tio n  
of F0~ io n s . Thus an equi-m olar m ixture of £HBIo^2^4 0 an^ ^ 3  woul& 
le ad  to  H(Mo) « 4*0 and R(P) = 0 .33 .
The ex istence  o f a w ell defin ed  p la teau  reg io n , when R-value i s  
p lo t te d  ag a in s t W.R. suggests th a t  bo th  the 12 molybdophosphate and i t s  
p ro tonated  analogue have very  s im ila r  a f f i n i t i e s  fo r  the r e s in ,  in  view 
of the wide range of W.R* values employed.
F u rth er confirm ation  th a t  in  the reg ion  o f pH 1*5 -  2 .0  the f in a l  
s tag es  o f aggregation  have been achieved i s  provided by the change in  
pH (A pH) occurring  when the ions have u n re s tr ic te d  access to the 
re s in  s i t e s ,  whereas a t  pH 2.05 the value o f ApH i s  0.37> corresponding 
to  a consumption of H and in d ic a tin g  th a t  the equ ilib rium  between the 
lower io n ic  weight and la rg e r  io n ic  w eight species  i s  d is tu rb ed  by the 
g re a te r  a f f i n i t y  fo r  the re s in  by the l a t t e r ,  in  c o n tra s t ,  a t  pH I .7 8  
the value of A pH i s  0 .0 3 . I t  remains a t  th is  le v e l down to  pH 0 ,5 8  
below which p o in t pH read ings were no t recorded . (See Table 8 and 
F ig , 3A). Even allow ing fo r  the f a c t  th a t  the  pH value i s  in s e n s i t iv e  
to  small changes in  hydrogen io n  co n cen tra tio n  in  s tro n g ly  ac id  s o lu tio n s , 
the tendency fo r  ApH to  f a l l  to  near zero belo?/ pH 2 i s  evidence fo r  
the form ation o f la rg e  co n cen tra tio n s  o f the  exchanging io n s , which,
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to g e th e r w ith  the determ ination  o f R v a lu es , have been described  as the 
12-molybdophosphate and decamolybdate io n s .
F u rth e r evidence in  favour o f t h i s  scheme o f re a c tio n s  was 
provided by s tu d ie s  of so lu tio n s  con ta in ing  varying molybdenum concentra­
t io n s ,  s ince an in c rease  in  the molybdenum con cen tra tio n  would favour 
the 12-molybdophosphate io n , the most h igh ly  condensed species  proposed. 
This cond ition  was achieved in  two ways. F i r s t ly  by the  ad d itio n  of 
molybdic ac id  to  the so lu tio n  of ”12-molybdophosphoric acid*  a t  the 
ap p ro p ria te  pH and secondly by using  more concen tra ted  so lu tio n s  of 
”-molybdophosphoric a c id ” and thus m ain tain ing  the molybdenum to 
phosphorus r a t io  a t  1 2 s l ,  a f a c to r  h e ld  constan t in  a l l  previous 
s tu d ie s .
The e f fe c t  of in c re a s in g  the molybdophosphate co n cen tra tio n , 
m ain tain ing  the  pH a t  a constan t value throughout and id e n t ic a l  w ith  th a t  
found to achieve maximum R-values p rev io u sly , i s  rep o rted  in  Table 23. 
These r e s u l t s  show a decrease in  both  R(Mo) and R(P) and tend ing  towards 
the values o f 4*0 and 0 ,3 3  re sp e c tiv e ly , confirm ing the  presence of the 
12-molybdophosphate io n  and in  in c reased  co n cen tra tio n s . I t  i s  noted  
a lso  th a t  s ig n if ic a n t  q u a n ti t ie s  of the decamolybdate ion  are no t being 
exchanged under such co n d itio n s .
Table 26 i l l u s t r a t e s  the r e s u l t s  ob tained  from so lu tio n s  in  which 
the r e la t iv e  Mo : P r a t io  was a l te r e d ,  w hile m ain tain ing  the i n i t i a l  
molybdenum co n cen tra tio n  a t  0.1M ., and the pH o f the  so lu tio n  a t  1*6 -  1 . 9 .
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Such so lu tio n s  were produced by mixing pure molybdic a c id  and phosphoric 
a c id , which gave the sp e c if ie d  pH values w ithout f u r th e r  adjustm ent.
For va lu es  o f Mo s P >  10 s 1 very l i t t l e  v a r ia tio n  in  R values fo r  
e i th e r  molybdenum or phosphorus was observed (F ig . 8 ) and again  the 
va lues R(Mo) « 4 #2 and R(P) « 0 .3  p o in t to  the preponderance of the 
12-molybdophosphate as the exchanging io n .
For values o f Mo : P<( 8 s 1 q u ite  d i f f e r e n t  spec ies  are  undergoing 
exchange, in  which spec ies  the Mo s P r a t io  i s  12 s 1 . Indeed, the 
p repared so lu tio n s  con ta in ing  Mo s P a t  3 s 1 and 5 * 1 were almost 
c o lo u r le ss , in  c o n tra s t  to  the deep yellow  colour c h a r a c te r is t ic  of the 
rem aining s o lu tio n s . The n a tu re  o f the ions p resen t in  these co lo u rle ss  
s o lu tio n s  was n o t in v e s tig a te d  fu r th e r  b u t th e i r  appearance has defined  
the co n d itio n s  necessary  fo r  the form ation of the 12-molybdophosphate io n , 
the decamolybdate ion  being c o lo u r le ss .
I t  was noted  e a r l i e r ,  in  th is  s e c tio n , th a t  the 12-molybdophosphate 
io n  was p resen t in  la rg e  concen tra tio n s  even in  s tro n g ly  ac id  so lu tio n s  
( I .8 5  M n i t r i c  ac id ) and appeared to  be the major spec ies  undergoing 
exchange. The e f f e c t  o f much h igher ac id  co n cen tra tio n s  showed the 
continued presence o f th i s  io n . Thus fo r  so lu tio n s  con ta in ing  n i t r i c  
ac id  a t  co n cen tra tio n s  2M, R(Mo) va lues were ob ta ined  below 4  bu t 
always above 3 , even in  10 M n i t r i c  ac id  so lu tio n s . The R(P) value 
dropped s im ila r ly  to  a value ly in g  between 0.25 ~ 0 .3 0 . A ll the prepared
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so lu tio n s  had the  deep yellow  co lour c h a r a c te r is t ic  of th e  12-molybdophos- 
phate io n , th is  co lour d isappearing  a f t e r  th e  so lu tio n s  had been allowed 
to  come to  equ ilib rium  w ith  th e  r e s in .  The low ering of the  R value fo r  
bo th  molybdenum and phosphorus is atfertbdted to  two fac to rs*  F i r s t l y ,  
by com petition  from th e  massive n i t r a t e  io n  co n cen tra tio n  and secondly, 
by th e  p o ss ib le  form ation  of c a tio n ic  molybdenum sp e c ie s . Evidence f o r  
th e  second f a c to r  came from s tu d ie s  u s in g  a c a tio n ic  resin*  Thus 
e q u il ib ra t io n  of a 12-molybdophosphate s o lu tio n , made 10 M w ith  re sp ec t 
to  n i t r i c  a c id , w ith  a c a tio n ic  r e s in  in  th e  H+ form (Tables 1T—21) showed 
th a t  exchange of molybdenum and phosphorus occurred* I t  was not 
p o ss ib le  to  determ ine th e  ex ten t of exchange in  th is  system and thus 
o b ta in  m eaningful Rr-values*
A dditional evidence of th e  im portance of molybdenum co n cen tra tio n  
f o r  th e  fo rm ation  of the  heteropolyan ion  was provided by reducing  the  
molybdenum co n cen tra tio n  in  th e se  s tro n g ly  ac id  so lu tio n s . Thus a t  
co n cen tra tio n s  below 0.05 M in  Mo and 10 M in  n i t r i c  acid  th e  so lu tio n s  
were c o lo u r le s s . The same e f fe c t  was noted f o r  6 M and 8 M n i t r i c  acid  
s o lu tio n s , bu t was very  much le s s  marked a t  lower acid  co n cen tra tio n s .
The lack  of co lo u r in  the  so lu tio n s  i s  in  i t s e l f  s tro n g  evidence fo r  th e  
absence of th e  12-molybdophosphate io n .
Thus th e  evidence of th e se  s tu d ie s  dem onstrates c le a r ly  th e  
s t a b i l i t y  of th e  12-molybdophosphate io n  towards concen tra ted  n i t r i c  
ac id , bu t u n d erlin es  th e  im portance of molybdenum concentration*
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4 .4  SUMMARY
The fo llow ing  ta b le  summarises the p r in c ip a l  conclusions reached 
on the b a s is  o f th e  foregoing experim ental work and d iscu ss io n . In  the 
ta b le ,  the ions which are  thought to occur in  so lu tio n  a t  the  v arious s tag es  
of condensation a re  p resen ted , to g e th e r  w ith  th e i r  re sp ec tiv e  R values#
Nature of 
S o lu tion
pH Experim ental R Values Ions Sorbed
P
Sodium molybdate ^ q 
(c o lo u rle ss )
Sodium 12-molybdo-
phosphate
(c o lo u rle ss )
12-molybdo- 
phosphoric ac id  6 ,0  
+ i t s  sodium 
s a lt (p a le  yellow )
do.
2MHN0.
(deep yellow )
Mo
0.50
0.60 0.01
4,0 0.31
by Exchanger 
Mo  ^ ( r e f *18)
Mo2-4
+ trace  phosphate
3-2 .0  0.21 [PMo9032]
do. (yellow ) 1 .0  4 .7  0.39 [PM o^O ^] 3-
£HPMo12°40^ 
noT
2-
2-
T h e o re tica l R Values
Mo
0.50
0.50
1.80
4.00
6.00
6.00
0.00
P
0 . 2 0
0.33
0 .5 0
0 .5 0
o.oo
I t  was shown (Tables 1 and 3) th a t  when the so lu tio n s  were 0 .04 -0 .05  M 
in  Mo. th e  co n cen tra tio n  o f the more h igh ly  consensed species  was lowered 
to  the b e n e f it  of the le s s  h igh ly  condensed sp ec ies; t h i s  ?;as shown by a 
drop in  R-value and r i s e  in  pH.
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For so lu tio n  of a c id i ty  2M.HN0- th e re  i s  evidence f o r  th e  continued
5
presence o f the 12-molybdophosphate ion  up to  co n cen tra tio n s  of 10 M.HNO ;^ 
c a tio n ic  molybdenum species  were found to  c o -e x is t w ith  the heteropolyanion  
in  such so lu tio n s . The s t a b i l i t y  of th e  molybdophosphates towards n i t r i c  
ac id  has been commented upon by many workers (S ection  1 .1 .)  who have 
drawn a t te n t io n  to  the  i n s t a b i l i t y  of such ions in  so lu tio n s  of o th e r m ineral 
a c id s . However, th e re  has been no evidence in  th i s  work fo r  the ex tensive  
decom position o f the molybdophosphate io n s  in  concen tra ted  n i t r i c  acid  
so lu tio n s  as suggested by some au tho rs  [3 2 ,5 6 ] .
The evidence of R-value determ inations has not dem onstrated the 
presence o f a la rg e  number of molybdophosphate ions of vary ing  com plexity 
in  any s ig n if ic a n t  co n cen tra tio n . This f a c t  c o n tra s ts  w ith  th e  conclusions 
of Sauchay [9 ]  and Ripan [ 14 ], fo r  example, who have produced evidence fo r  
sev e ra l io n s  con ta in ing  a Mo:P r a t io  9 :1 . In  p a r t ic u la r  the presence of 
the hexamolybdophosphate io n , p o s tu la te d  as a  major in te rm ed ia te  species 
f o r  the  form ation  of th e  12-molybdophosphate io n  [ 35 ,36,42,43] has not 
been confirm ed by the techn iques employed, bu t i s  no t n e c e s sa r i ly  excluded 
as an in te rm ed ia te  stage of condensation.
The evidence o f t h i s  work suggests th a t  th e  major in te rm ed ia te  
he teropo ly  anion i s  the  9“*nio lybdophosphate anion, forming a t  pH 6 and 
s ta b le  throughout the  pH range 2-6. There i s  con sid e rab le  evidence in  the 
l i t e r a t u r e  fo r  th e  ex is ten ce  of a r e la te d  species in  the s o lid  s ta te  [3 ,1 2 , 
17,25-29] and in  so lu tio n  [1 4 ,3 0 -3 2 ]. Thus s t r u c tu r a l  a n a ly s is  o f  s a l t s
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co n ta in in g  MorP r a t io  o f 9 :1  have shown th a t  they  co n ta in  io n ic  u n its
w ith  a Mo:P r a t io  o f 18:2 . The evidence o f io n -sc reen in g  t e s t s  in  th i s
work would appear to  preclude a dim eric ion  as the  exchanging sp ec ies  and
in d ic a te  th a t  th e  9-molybdophosphate ion  i s  much c lo se r  in  s ize  to  the
5-decamolybdate ion  [H^M o^O^] .
I t  would seem improbable th a t  the  s tru c tu re  o f the 9-molybdopho sphate
io n  i s  rep re sen ted  by a h a l f - s t r u c tu r a l  u n it  of the  b in u c le a r  complex 
6-[P^Mo^gOg^] 1 17* 25] • I t  was shown th a t  th i s  ion  was formed by the
a c tio n  o f excess phosphoric ac id  on 12-molybdophosphoric ac id . The
l a t t e r  i s  formed a t  much low er pH values than the 9-molybdophosphate as shown
in  th i s  work and d iscu ssed  elsewhere (S ection  1 .1 . ) .  In  ad d itio n  i t  would
be expected th a t  the dim eric ion  would form p r e f e r e n t ia l ly  i f  cond itions
were s u ita b le  f o r  the form ation  of i t s  h a l f - u n i t .  The experim ental
co n d itio n s  fo r  which the  9-molybdophosphate ion  was found to  be the
major so lu te  ion  was pH 5-6* & Mo:P r a t io  in  so lu tio n  o f ca* 12:1 and
[Mo] ^  Q.1M; these  co n d itio n s  d i f f e r  considerab ly  from those described
by o th e r au th o rs , mentioned above, f o r  th e  form ation  of the
18-molybdo-2-phosphate . Furtherm ore the  h a l f  u n it  would have to  be
5—h eav ily  p ro to n a ted  [ H^PMo  ^°3iK> to  give the  re q u ired  R-value.
I t  i s  proposed, th e re fo re , th a t  the  s tru c tu re  o f the 9-molybdo­
phosphate ion  i s  based on th e  co -o rd in a tio n  of 9Mo0g octahedra 
surrounding a  c e n tr a l  phosphorus atom in  o c tah ed ra l co -o rd in a tio n  w ith  
six-oxygen atoms. S ix  o f the  MoO^  octahedra are  in  2 groups of 3*
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each group ly in g  in  a p lane above and below the  c e n tra l  POg octahedra 
and sh a rin g  3 oxygen atoms w ith th e  c e n tra l  octahedron. The rem aining 
3MoOg octahedra l i e  in  th e  same plane as th e  FOg octahedron w ith  each 
MoOg sh a rin g  2 oxygen atoms w ith th e  c e n tra l  octahedron, as w ell as 
sh a rin g  1 oxygen atom w ith  2 MoO,. octahedra ly in g  re sp e c tiv e ly  above and 
below the  c e n tra l  plane* This s tru c tu re  may be u se fu lly  compared w ith 
th a t  of th e  decamolybdate ion  [18]* I t  w il l  be n o ticed  th a t  the  
9-molybdophosphate i s  of s im ila r  s iz e  to  th e  decamolybdate io n , although 
th e  l a t t e r  i s  b a s ic a l ly  a 2-dim ensional p la te - l ik e  s tru c tu re  1Mo0g u n it  
th ic k .
The proposal of a c e n tra l  octahedron co n ta in in g  th e  heteroan ion  
p laces  th e  9-niolybdophosphate io n  in  th e  group of e s ta b lish e d  h e te ro p o ly - 
molybdates which co n ta in  Mn(lV), Ni(lV) and Co(iv) as th e  heteroatom  [ l0 2 ] .  
I t  has been e s ta b lish e d  th a t  the  c e n tra l  atom in  such complex ions i s  in  
o c tah ed ra l co -o rd in a tio n , whereas phosphorus does e n te r  in to  s ix  fo ld  
co o rd in a tio n , e .g ,  PClg*’*, i t  has no t y e t been proven in  the  case
of oxygen as th e  doner atom. S ince, however, oxygen in  bo th  covalent 
and io n ic  bonding i s  of s im ila r  s iz e  as f lu o r in e ,  w hile c h lo rin e  i s  
considerab ly  la rg e r ,  co -o rd in a tio n  of th e  type [P  -  (O-Mo)g] i s  p o s s ib le .
I t  has a lso  been d iscussed  (S ec tio n  1*1,) th a t  aqueous phosphoric acid  
may co n ta in  m olecules of th e  type ^^POg [24]> which again  im plies 
o c tah ed ra l co -o rd in a tio n  of phosphorus.
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The fo llow ing  sequence of re a c tio n s  a re  put forward to  ex p la in  
th e  fo m a tio n  of th e  ions presen ted  in  th e  above ta b le  (p ,1 2 l) ,  Above 
pH 7 sim ple molybdate and orthophosphate ions c o -e x is t  bu t th e  a d d itio n  
of hydrogen ions causes the  hexamolybdate io n  to  be the  m ajor io n ic  
sp ec ies  a t  c i r c a  pH 5 [103],
6MoO^~ + 9H+  + 2H.0   ( l )4 v 1 5 d 22 2
In  the  absence of orthophosphate ions th e  hexamolybdate ion  
condenses f u r th e r  to  produce th e  decamolybdate io n  a t  pH <  5*5*
In  th e  presence of orthophosphate io n s , condensation between 
th ese  and th e  hexamolybdate ions occur, form ing th e  9-molybdophosphate 
io n , w ith  th e  6-molybdophosphate as a p o ss ib le  u n s tab le  in te rm e d ia te .
This 9 molybdophosphate ion  i s  predominant a t  pH 6 and i s  
p re sen t throughout th e  range of pH 2-6 , bu t in  d ecreasin g  co n cen tra tio n  
as th e  pH i s  lowered, due to  th e  in c re a s in g  co n cen tra tio n  of the  
12-molybdophosphate io n , which achieves s ig n if ic a n t  co n cen tra tio n s  
below pH 3,
The s t a b i l i t y  of th i s  io n  i s  favoured by s tro n g ly  ac id  s o lu tio n s , 
under co n d itio n s  which appear to  cause th e  decamolybdate io n  to  be 
converted to  c a tio n ic  molybdenyl sp e c ie s .
The s tru c tu r e  of th e  12-molybdophosphate io n  has been e s ta b lish e d  
in  th e  s o lid  s t a t e  ( 5 ) and has th e  w ell defined  Keggin cage s tru c tu re .
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SECTION 5.
5*1* General
I t  has been shown th a t  c e r ta in  doubts e x is t  reg ard in g  the  
c o n s ti tu t io n  of the  6-molybdoheteropolyanions of the t r a n s i t io n  m etals* 
C onsidera tion  of the  d a ta  fo r  the  therm al decom position of th e i r  a lk a l i  
m etal s a l t s  has led  c e r ta in  au thors to  a ss ig n  them dim eric form ulae [ 3] 
w h ils t s tu d ie s  of th e i r  so lu tio n s  have shown th a t  the  anions formed w ith  
i r o n ( l l l ) ,  a lu m in iu m (lll) , chrom ium (lll) and c o b a l t ( l l l )  a re  a l l  
t r ib a s ic  [ 3] and th a t  the  i ro n  s a l t  a t  l e a s t  e x is ts  as a monomer in  
so lu tio n  [4 1 ], (see  a lso  S ection  1 .2 , 1 .3)*
I t  was considered th a t  ion-exchange s tu d ie s  of so lu tio n s  o f . 
th ese  s a l t s  would enable a d is t in c t io n  to  be drawn between a monomeric, 
or d im eric , io n . Io n -sc reen in g  techniques have been shown to  
d is t in g u is h  between, fo r  example, such ions as a t e t r a -  or hexa­
molybdate io n  on th e  one hand and the  la r g e r  decamolybdate io n  ^21] and 
the  h ex a tu n g sta te  H^WgO^ and the dodecatungstate  ^4^ 2^40 "" ^ons 011
the o th e r  [ 77] • I t  seemed reasonab le , th e re fo re , to  be ab le  to
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d is t in g u is h  between the ions FeMOgQ^ and ^ e2^°i2^42 ^  sucil a
techn ique. In  ad d itio n , the  de term ina tion  o f R-values would, a t  the 
same tim e, confirm  or o therw ise, th e  charge on th e  an ion .
While i t  would have been more u se fu l to  use a re a d ily  so lu b le  
s a l t  co n ta in in g  th is  heteropo lyan ion , the  most convenient source 
m a te r ia l was found to  be the  ammonium s a l t ,  which although in so lu b le
in  w ater was converted re a d ily  to  a so lu tio n  of the  sodium s a l t  by 
t r e a t in g  a suspension of the  form er in  w ater w ith a c a tio n  exchanger 
in  the sodium form.
The sodium s a l t  was a lso  is o la te d  in  the  s o lid  s ta t e  during  
th e x course of th is  work, bu t in  sm all q u a n ti t ie s  only. However, th i s  
substance was u se fu l fo r  th e  therm al s tu d ie s ,  rep o rted  l a t e r  
(S ec tio n  5 * 5 .) .
5 .2 .1 , P rep a ra tio n  of Ammonium 6-M olvbdoferrate
This s a l t  was prepared fo llow ing  the  method of Bajcer [ 3] •
T h irty  grams of ammonium paramolybdate (A.R. grade) were d isso lv ed  in  
600ml. of w ater in  a 2 - l i t r e  h e a te r . The s o lu tio n  was heated to  
45°C and, a f t e r  * removing th e  source of h e a t, a one-half s a tu ra te d  
so lu tio n  of ammonium f e r r i c  alum (A.R. grade) was added dropwise w ith  
v igorous s t i r r i n g .  This a d d itio n  was c a r r ie d  out a t  such a r a te  th a t  
th e  yellow  p r e c ip i ta te  which formed had ju s t  red isso lv e d  b efo re  the  
nex t drop en tered  th e  s o lu tio n . A fte r  about 15ml. of the f e r r i c  
alum so lu tio n  had been added, the  tem perature having dropped to  
approxim ately 37°0t a w hite p r e c ip i ta te  began to  appear. The s o lu tio n  
was f i l t e r e d  ra p id ly  and a f t e r  th e  f i l t r a t e  had been allowed to  stand 
o vern igh t in  an ice-box , the  f in e  w hite c ry s ta ls  which had deposited  
were sep ara ted  by f i l t r a t i o n .  A fte r w a s h i n g i c e - c o l d  w ater, the
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c ry s ta ls  were d ried  in  a vacuum d e s ^ i^ ito r  a t  room tem perature* The 
p roduct, which was w hite w ith  a pa le  g reen ish  c a s t when viewed in  la rg e  
q u a n t i t ie s ,  could not he r e c ry s ta l l i s e d  s in ce  i t  undergoes i r r e v e r s ib le  
decom position a t  about 45°C* The com position was found by a n a ly s is  to  be 
ammonia 4 , 45$ , molybdenum 50*3$> iro n  4*74$ and w ater 11 .C$, w h ils t fo r  
(HH4 ) 3[Fe06.Mog015]7H ^ 0 req u ire s  ammonia 4*36$, molybdenum 50*3$, 
iro n  4 .87$ and w ater 10.7$* The w ater con ten t of th e  c ry s ta ls  was 
determ ined from the  behaviour of the  compound on th e  therm obalance, 
d e ta i l s  of which a re  d iscussed  fu r th e r  in  S ec tio n  5.5* In  a d d itio n , 
th e  m agnetic s u s c e p t ib i l i ty  was determ ined by the  Gouy method, g iv ing  
a magnetic moment of 5*78 Bohr magnetons, in  c lo se  agreement w ith  th a t  
found by o th e r workers, e .g . Ray [ 97J 5*95 B*M., and Baker £ 3} 5*71 B.M* 
Such a value i s  c o n s is te n t w ith  f iv e  unpaired e le c tro n s  f o r  th e  iro n  
atom*
The y ie ld  obtained from one such p re p a ra tio n  was u su a lly  12-14g ., 
a lthough th i s  could be enhanced s l ig h t ly  on f u r th e r  standing* Prolonged 
r e f r ig e ra t io n ,  however, in troduced a w hite amorphous im purity  which, 
in  view of the  d i f f i c u l ty  of r e c r y s ta l l i s a t io n ,  was u n d es irab le . Since 
ca . 20g. of the  product was req u ired  to  p repare 1 l i t r e  of s o lu tio n  
0.1M, in  Mo., by the  c a tio n  exchange methods described  below, th e  y ie ld  
from one such p rep a ra tio n  described  above was inadequate bu t i t  was 
found more e f f ic ie n t  to  p repare  sev e ra l batches of m a te r ia l r a th e r  
than  in c re a se  the  sc a le  of the p reparation*
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5*2.2 . P rep ara tio n  of Sodium 6-M olybdoferrate
The method follow s c lo se ly  th a t  due to  Tsigdinos £41]• Hydrated 
sodium molybdate (a n a ly t ic a l  grade) 5 4 .2 g ., was d isso lv ed  in  100ml* of 
w ater and th e  pH ad ju sted  to  4 .5  w ith concen tra ted  n i t r i c  acid* A cold 
f re s h ly  prepared so lu tio n  of f e r r i c  n i t r a t e ,  7 .6g , in  15ml. of w ater, was 
added dropwise to  th e  molybdate so lu tio n  preheated  to  45°C. The yellow  
p r e c ip i ta te  formed i n i t i a l l y  d isso lved  w ith  vigorous s t i r r i n g .  When 
a l l  the  iro n  s o lu tio n  had been added, a sm all q u an tity  of yellow  
p r e c ip i ta te  remained which was removed by f i l t r a t io n *  Throughout the  
p re p a ra tio n  the  tem perature was m aintained a t  between 35-45°C. The 
p a le  yellow  f i l t e r e d  so lu tio n  was allowed to  stand  fo r  two days in  an 
ice-box  from which pa le  green p la te - l ik e  c ry s ta ls  were produced in  
sm all y ie ld .  A sm all q u an tity  of w hite s o lid  appeared as w ell on 
s tan d in g  f o r  longer p e rio d s . The product was f i l t e r e d ,  washed qu ickly  
w ith  co ld  w ater and d rie d  in  a vacuum d e s s ic a to r  a t  room tem perature*
The com position was found by an a ly s is  to  be molybdenum 46*5^, iro n  4 .40^  
and w ater 14.8$, w h ils t f o r  Ha^FeOg.MogO^jlOH^O re q u ire s  molybdenum 
47*3^, i ro n  4 .59$ and w ater 14*8$. The magnetic moment, determ ined as 
f o r  the  ammonium s a l t ,  was 5 .8  B.M, a t  291°A.
5*2.3# P rep a ra tio n  of S o lu tio n s Containing the  6 -M o lv b d o fe rra te (lIl)  Anion 
I t  has been rep o rted  th a t  so lu tio n s  co n ta in in g  6 -m o ly b d o fe rra te ( lll)  
ac id  could be prepared by c a tio n  exchange w ith  th e  ammonium s a l t  and a ^
-  131 -
H+ form r e s in  [ 3] • A suspension of th e  p u lv erised  s o lid  was passed
4*slow ly down a column of H -form  exchanger to  y ie ld  a c o lo u rle ss  so lu tio n  
of pH 2,4# In  th is  way so lu tio n s  0,00287 M, in  i r o n ( l l l )  were 
p repared , from which, by t i t r a t i o n  w ith  a lk a l i  so lu tio n , the  b a s ic i ty  of 
th e  ac id  re fe r re d  to  a monomeric form ula H^FeOg.MOgO^] was determ ined 
as th re e  [,3] * S o lu tions of th i s  co n cen tra tio n , i* e , 0.01M, in  Mo, would 
be f a r  too d i lu te  fo r  accu ra te  R-value d e te rm in a tio n s , p a r t ic u la r ly  in  
view of the  high io n ic  weight of the an ion . The p o s s ib i l i ty  of u s in g  
th e  ion-exchange technique to  prepare more concen tra ted  so lu tio n s  of the 
ac id  was th e re fo re  considered*
The ammonium s a l t  (2 g .)  was ground in  a m ortar w ith  a l i t t l e  
d e -io n ised  w ater and passed slow ly down a H+ form r e s in  (Zeo-Karb 225 -  
&fo D .Y ,B ,), Although the  e f f lu e n t was cloudy, th e  bu lk  of the s o lid  
had been transposed  and a f t e r  f i l t r a t i o n  through paper the e f f lu e n t was 
made up to  100ml, A nalysis showed th a t  a considerab le  p ro p o rtio n  of 
th e  molybdenum and iro n  o r ig in a lly  p resen t had been l o s t .  Furtherm ore, 
th e  Mo : Fe r a t io  was now 14 5 1, and considerab le  q u a n ti t ie s  of i r o n ( l l l )  
were found on th e  exchanger. S im ila rly , prolonged s t i r r i n g  of the  s a l t  
m  co n tac t w ith  excess H form r e s in  caused a marked low ering of the  
i r o n ( l l l )  con ten t of th e  s o lu tio n .
Although the a c tio n  of hea t i s  rep o rted  to  decompose i r r e v e r s ib ly  
th ese  heteropo lyah ions^are  s ta b le  up to  c i r c a  45 / however and the
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s o lu b i l i ty  i s  g re a te r  a t  the  h igher tem perature (see  method of p rep a ra tio n
of s a l t s ) .  Approximately 2g. of the  s o lid  was d isso lved  in  100ml* of
0 4*w ater a t  45 C and the cooled so lu tio n  passed slow ly down a  H form r e s in .
The e f f lu e n t , c le a r  i n i t i a l l y ,  deposited  ra p id ly  a yellow  s o lid ,  
rep o rted  by o th e r workers as i r o n ( l l l )  molybdate [41]> which in creased  in  
q u an tity  on fu r th e r  s tan d in g  o r by warming the  so lu tion*  This s o lid  was 
no t in v e s tig a te d  fu r th e r  a t  th is  s ta g e .
In  view of th e  above, i t  was decided to  convert th e  ammonium s a l t  
to  a so lu tio n  of the  sodium s a l t ,  which has been shown to  be soluble*
This p rocess was e f fe c te d  by s t i r r i n g  10g. of the ammonium s a l t  w ith 
Fa form r e s in  fo r  about 30 m inutes. The r e s in  was sep ara ted  by 
f i l t r a t i o n  through a s in te r  co n ta in in g  f u r th e r  r e s in  and th e  so lu tio n  
made up to  500ml. The c o lo u rle ss  so lu tio n  con tained  molybdenum and 
i ro n  in  mole r a t io  7*5 s 1 , bu t no ammonium io n  and had a pH value of 
3.5* The w ater washed r e s in  contained much ammonium io n  and tra c e s  of 
i r o n ( l l l )  which were d e tec ted  by means of potassium  th io cy an a te  s o lu tio n . 
Subsequent p rep a ra tio n s  contained  Mo : Fe in  r a t io  between 6 - 7 * 5  t 1*
In  a l l  c a ses , tra c e s  of i r o n ( l l l )  were d e tec ted  on the  r e s in .
A ddition  of a H form r e s in  to  th ese  so lu tio n s  always re su lte d  
in  the  fo rm ation  of a yellow  p rec ip ita te*  described  e a r l i e r ,  u su a lly  
a t  pH*# 2* I t  was p o ss ib le  to  reduce the pH to  ca. 2 .5  by c o n tro lle d
.i.
a d d itio n  of sm all q u a n ti t ie s  of H form r e s in .  Such so lu tio n s  were
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m etastab le , a yellow p r e c ip i ta te  form ing on s tan d in g  fo r  about two weeks. 
Attempts to  use such so lu tio n s  f o r  anion exchange experim ents w ith  a 
ch lo rid e  o r n i t r a t e  form r e s in  always re s u lte d  in  the immediate 
p r e c ip i ta t io n  of the  same yellow  s o l id .
The c a tio n  re s in s  used h i th e r to  have been of the  sulphonic ac id  
ty p e , based upon p o ly sty ren e . The use of a weakly ac id  r e s in  of th e  
carboxy lic  ac id  type Zeo-Karb 226 d id  not overcome the  p r e c ip i ta t io n  
d i f f i c u l t i e s .  By continuous re -c y c lin g  of a so lu tio n  through excess of 
such a r e s in  the  pH was reduced from 4»2 to  3*5* the  so lu tio n  rem aining 
c o lo u r le ss . The subsequent a d d itio n  of a s tro n g ly  ac id  H r e s in  again  
re su lte d  in  p r e c ip i ta t io n .
I t  i s  c le a r  from the  above d iscu ss io n  th a t  th i s  approach to  the  
p re p a ra tio n  of th e  f re e  a c id  in  u se fu l co n cen tra tio n s  i s  im p ra c tic a l.
The lower pH req u ired  in  comparison w ith  th a t  used by previous workers, 
c le a r ly  causes decom position of the  complex. While i t  was p o ss ib le  fo r  
pH t i t r a t i o n  sbudies to be c a r r ie d  out on such s o lu tio n s , the a p p lic a tio n  
o f io n  exchange techniques c le a r ly  d is tu rb s  the equ ilib rium  of what 
appears to  be a m etastab le  so lu tio n  a t  pH 2.5*
An a l te r n a t iv e  approach was the re a c tio n  between molybdic ac id  
and a f e r r i c  ion  s o lu tio n . The molybdic ac id  so lu tio n  was prepared 
as d escribed  in  S ection  2 .3 . I r o n ( l l l )  n i t r a t e  s o lu tio n  of known 
i r o n ( l l l )  co n cen tra tio n  was added dropwise w ith  s t i r r i n g  to  molybdic
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aoicL a t  various co n cen tra tio n s  and pH: The fo llow ing  Table summarises
th e se  r e s u l t s ,  in d ic a tin g  th e  p o in t a t  irhich p r e c ip i ta t io n  occurred .
I t  i s  c le a r  from th is  d a ta  th a t  a low pH and concentrated  so lu tio n s  a re
[Mo] pH Mole r a t io  Mo : Fe
M olarity  a t  p r e c ip i ta t io n
0,1M 0 .5  i  : 1 a t le a st .
11 1.75 50 : 1
”  2. 2  8 : 1
H 2. 4 8 : 1
" 3 .0  7 s  1
0.24M 1.55 100 : 1
" 4 .0  10 : 1
0.01M 2 ,0  7 s 1
* pH ad ju sted  hy a d d itio n  of n i t r i c  ac id
unfavourable to  the s t a b i l i t y  of the  acid  H^FeOgMOgO^.] and confirm s
+th e  behavious of the complex s a l t s  found towards H io n  exchange w ith 
r e s in s .
The p re c ip i ta te s  a t  low pH valu es  ca . 1 -  2 ,5 f were always 
yellow , whereas when the  pH i s  ra ise d  above pH 4 .5  th e  p r e c ip i ta te  i s  
a brown g e la tin o u s  m a te r ia l .  This l a t t e r  p r e c ip i ta te  i s  c e r ta in ly  
i r o n ( l l l )  hydroxide. The yellow  p r e c ip i ta te  was shown to  be so lu b le  in  
m ineral a c id s , N itr ic  ac id  d isso lv es  th is  m a te r ia l to  give a p a le
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yellow  so lu tio n  which to le ra te s  a la rg e  amount of i r o n ( l l l )  (see  t e s t  
a t  pH value 0 ,5 ) .  A ddition of base to  such a c id ic  so lu tio n s  does not cause the 
the  r e -p r e c ip i ta t io n  of the yellow  m a te r ia l, only i r o n ( l l l )  hydroxide 
appearing a t  much h ig h er pH v a lu e s .
I t  i s  apparent th a t  a narrow pH range e x is ts  in  which Revalue 
d eterm ina tions may be f r u i t f u l l y  c a rr ie d  out on so lu tio n s  co n ta in in g  
a 6-m olybdoferrate sp e c ie s . This range i s  ca . 3 - 5  fo r  so lu tio n s  0.1M, 
in  Mo, In  a d d itio n , a t  much h igher a c id i t i e s  so lu b le  spec ies  e x is t  
which would seem, on the  evidence a v a ila b le  so f a r  to  be d i f f e r e n t  from 
those  e x is t in g  a t  pH 3 -  5, Ion-exchange s tu d ie s  were th e re fo re  made 
w ith  a view to  determ ining  R-values in  bo th  th ese  ran g es. To f a c i l i t a t e  
th e  design  of th e  experim ents a t  the upper pH range, pH t i t r a t i o n  of the  
so lu tio n  of th e  sodium s a l t  was c a rr ie d  out u s in g  0.1N sodium hydroxide 
s o lu tio n . The r e s u l t s  of th i s  experiment to g e th e r  w ith  a s im ila r  one 
in v o lv in g  th e  ammonium s a l t  in  aqueous suspension a re  shown in  
Tables 36, 37 and F ig . 14, I t  was not p o ss ib le  to  donfirm th e  b a s ic i ty  
of the ac id  H^FeMOgC^ ] p red ic ted  by Baker ( 3 ) from th ese  s tu d ie s .
However, the  decom position of th e  complex io n  in to  i t s  c o n s titu e n t 
anions appeared complete a t  pH value 6 .3  a t  which p o in t the r a t io  
equiva 0H~ added g-atom Mo was 1 .48, This i s  in  c lo se  agreement w ith 
th a t  p red ic te d  by th e  equation ,
[P e M o A .]3 - + 6H 0 —»■ S'a(OH) + 6Mo0.2“  + 9H+ b d l  d r"  3 4
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whence equivs* H+ re leased /g .a to m  Mo i s  9/6 ,  i . e .  1.50*
I t  i s  c le a r  from F ig . 14 th a t  p r e c ip i ta t io n  of i r o n ( l l l )  
hydroxide begins by about pH 5, although the  colour change from 
c o lo u rle ss  to  yellow  immediately on the ad d itio n  of base suggests  th e  
p resence of d if f e r e n t  i r o n ( l l l )  spec ies  a r is in g  from th e  decom position 
of the 6-m o ly b d o fe rra te ( ll l)  anion a t  pH 3. Thus, the u se fu l pH range 
fo r  ion-exchange s tu d ie s  appears to be 2 .5  -  5*
5 .3 . Ion-exchange S tud ies
I t  w i l l  be re c a l le d  th a t  a ttem pts to  use th e  heteropolyan ion  
so lu tio n  a t  pH 2.5 re su lte d  in  the  rap id  p re c ip i ta t io n  of th e  yellow  
s o lid ,  p rev io u sly  m entioned. Consequently, a s e r ie s  of ba tch  
experim ents were c a rr ie d  out w ith so lu tio n s  a t  a h ig h er pH v a lu e , and 
u sin g  re s in s  of wide ran g e  of w ater re g a in  v a lu e s . For th ese  
experim ents the  n i t r a t e  form was used in  p reference  to  th e  c h lo rid e  
form in  view of th e  form ation  of complexes between i r o n ( l l l )  and 
c h lo rid e  io n s . In  view of the  slow r a t e  of exchange experienced du ring  
the  study  of the  molybdophosphate system, a s im ila r  period  of twenty 
days was again  allowed in  th i s  work. D e ta ils  and r e s u l t s  of th i s  
experim ent a re  shown in  Table 38, Although the t e s t  s o lu tio n  was 
c o lo u r le s s , a f t e r  only two or th re e  days th o se  so lu tio n s  in  co n tac t w ith 
th e  r e s in s  of low w ater re g a in  values developed a yellow  co lou r, f in a l ly
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producing a brown p r e c ip i ta te  a t  the end of twenty days* This was most 
marked f o r  re s in s  of w ater reg a in  values 0*72, 1*67 and 2 .50 , while th a t  
of 3*20 contained a tra c e  of such a p re c ip ita te *  The rem aining 
so lu tio n s  were not co loured . The combined e f fe c ts  of p r e c ip i ta t io n ,  
the  e x t e n t  o f exchange much le s s  than  100^ and v a r ia b le  R-values 
obtained  w ith  th e  re s in s  of low w ater reg a in  values i s  s tro n g  evidence 
f o r  s t e r i c  hindrance o ccu rrin g  between a la rg e  anion and the  r e s in  
m a trix . For w ater reg a in  ^  3*2* c o n s is te n t R-values were ob ta ined ,
i . e .  R(Mo) = 2.1  and R(Fe) = 0.33 ca lc u la te d  as mean values fo r  the  
above range o f resin s*  Such a value i s  c o n s is te n t w ith  the  io n  
[FeOg.MOgO^]^*" in  which the R values a re  ^  = 2*0 and = 0*33 fo r  
molybdenum and iro n  resp ec tiv e ly *
A s im ila r  study a t  pH value 3*5 and u s in g  0.5g# of ch lo rid e  
form r e s in  of w ater reg a in  4*3 y ie ld ed  s im ila r  R -values, in d ic a tin g  
th a t  the in tro d u c tio n  of ch lo rid e  ions has no e f f e c t ,  under th e  
co n cen tra tio n  co n d itio n s employed.
In  view of the  p r e c ip i ta t io n  caused by low w ater re g a in  r e s in s ,  
th e se  were om itted in  th e  s tudy  of more b a s ic  so lu tio n s  a t  pH 4*5.
Although so lu tio n s  a t  th is  pH were yellow , they  d id  not p r e c ip i ta te  on 
s tan d in g  in  c o n tra s t  to  those  produced a t  even h igher pH values by the  
a d d itio n  of sodium hydroxide* The in tro d u c tio n  of anion exchange 
re s in s  d id  not cause any p re c ip i ta t io n ,  on the  c o n tra ry , a f t e r  e q u il ib ra t io n
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th e  su p ern a tan t l iq u id  was c o lo u r le ss . The r e s u l ts  fo r  th i s  experim ent, 
u s in g  r e s in  of W,R, 4 ,9  a re  shown in  Table 39 ,  and show q u ite  c le a r ly  
th a t  a s im ila r  io n ic  sp ec ies  to  th a t  found a t  pH 3*5 i s  p re se n t.
Although bo th  R(Mo) and R(Fe) a re  a l i t t l e  h igher than  demanded by th eo ry , 
the  r a t io  Mo : Fe sorbed i s  5*9* 0 + 0,07# which value i s  in  keeping 
w ith  th e  proposed io n .
In  view of th e  io n ic  s iev e  e f f e c t  exerted  by re s in s  of w ater 
re g a in  ^ 3*20 the  s iz e  of the 6-m o ly b d o fe rra te ( lI l)  anion i s  s im ila r  
to  th a t  found fo r  th e  f i r s t  condensation s ta g e  of th e  molybdophosphate 
system (S ec tio n  4*) In  th i s  case re s in s  of w ater reg a in  2 adm itted 
an io n  of R(Mo) = 2 , whereas the  ions p resen t a t  low a c id i ty  pH 1,75# 
corresponding  to  R(Mo) 4 -  5 were excluded by re s in s  of w ater reg a in  
c i r c a ,  4* The l a t t e r  ions were in te rp re te d  as anions in v o lv in g  
molybdenum in  12- fo ld  condensation and c le a r ly  th e  m o ly b d o fe rra te ( lll)  
anion i s  of sm aller s iz e  and th e re fo re  has few er molybdenum atoms in  
each io n . The monomeric 6-m e ly b d o fe rra te ( lI l)  io n  i s  com patible w ith  
those  r e s u l t s  and may be form ulated as [FeOg.MOgO^]^",
I t  has been noted e a r l i e r  th a t  so lu tio n s  of the  6-m o ly b d fe r ra te ( lI l)  
io n  a re  u n s ta b le  below pH 2,5# and th a t  the yellow  s o lid  product formed 
as a r e s u l t  of th i s  decom position i s  so lu b le  in  excess a c id . While 
such a re a c tio n  suggests th a t  the heteropolyan ion  has decomposed and 
th a t  th e  h ig h ly  a c id ic  so lu tio n s  co n ta in  no such io n s , exchange re a c tio n s
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were conducted u sin g  n i t r i c  ac id  so lu tio n s  to  determ ine th e  ex ten t of 
anion form ation  invo lv in g  i r o n ( l l l ) ,  N itr ic  ac id  was again  chosen as 
th e  a c id ic  so lv en t in  p reference  to  hydroch lo ric  ac id  to  avoid the 
com plications from the  form ation of chloro  complexes. Thus so lu tio n s  
were prepared approxim ately 0.5M and 1M in  n i t r i c  ac id , the  lower 
co n cen tra tio n  used being  th a t  ju s t  req u ired  to  d isso lv e  th e  yellow  
p r e c ip i ta te  f i r s t  formed a t  pH 2*5. Such so lu tio n s  were p a le  yellow , 
0.1M in  molybdenum and w ith a Mo : Fe r a t io  of 6 : 1* With the use 
of a n i t r a t e  form r e s in  i t  was shown th a t  a t  both  a c id i t i e s  no d e tec ta b le  
so rp tio n  of i r o n ( l l l )  occurred, d e sp ite  much molybdenum exchange 
(see  ta b le  40)* C learly , the  heteropolyan ion  d iscussed  above i s  
absen t in  such so lu tio n s  or e lse  any an ion ic  i r o n ( l l l )  p resen t competes
Ur\,
^favourably  fo r  the  re s in  s i t e s  w ith  isopolym olybdate. The R(Mo) v a lu es , 
c a lc u la te d  assuming 100$ exchange between molybdate and th e  re s in ,  
in d ic a te  th a t  iso p o ly  sp ec ies  s t i l l  e x is t  a t  th i s  pH but the degree of 
po lym erisa tion  shows a sharp  change as the  pH i s  lowered from 0*4 to  
0 .1.
Schulz, Burns, and Duke [79] in  a s tudy  of th e  d is s o lu tio n  of 
molybdenum co n ta in in g  a llo y s  of uranium in  0,5M. n i t r i c  ac id  had 
shown th a t  so lu b le  complexes were obtained only in  the  presence of 
i r o n ( l l l )  n i t r a t e ,  the  s t a b i l i t y  of the  so lu tio n s  in c re a s in g  w ith  
in c re a s in g  i r o n ( l l l )  concentration*  For example, the  com position of one
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such so lu tio n  was given as 0.5M. in  i r o n ( l l l ) ,  0.5M. HNO^  and ”0.3M. 
in  U co n ta in in g  10$ molybdenum.” C learly  la rg e  q u a n ti t ie s  of iro n  
a re  p re se n t, much g re a te r  than  th a t  demanded by heteropolyanion  
form ation . However, th ese  w orkers, on the  b a s is  of anion exchange 
experim ents u s in g  such so lu tio n s , had shown th a t  an ion ic  iro n  and 
molybdenum were p re se n t.
S tud ies conducted e a r l i e r  in  th i s  work had shown th a t  la rg e  
amounts of i r o n ( l l l )  could be to le ra te d  by molybdic ac id  so lu tio n s  a t  
pH 0 .5 , in  th e  presence of n i t r i c  a c id . I t  was considered u se fu l 
th e re fo re , to  extend the study of th i s  system to  so lu tio n s  of lower mole 
r a t io  of molybdenum to  iro n  and to  examine th e  exchange between bo th  
anion and c a tio n  r e s in s .  Thus so lu tio n s  c o n ta in in g  molybdenum and 
iro n  in  mole r a t io  c irc a  4 • 1 and 2 : 1 were made by m ixing a p p ro p ria te  .volumes 
of s tandard  molybdic a c id  and f e r r i c  n i t r a t e  s o lu tio n s . The pH was 
then ad ju sted  to  0 .4  w ith concen tra ted  n i t r i c  a c id , and 100ml. p o rtio n s  
of such so lu tio n s  were allowed to  come to  equ ilib rium  w ith  a ch lo rid e  
and hydrogen form re s in s .  The r e s u l ts  of anion exchange experim ents,
Table 41, dem onstrate c le a r ly  th a t  very l i t t l e  i r o n ( l l l )  undergoes 
exchange, d ecreasin g  from about 6$ in  0.02M, i r o n ( l l l )  so lu tio n  to  
c ir c a  1 .5$  in  0.04M. i r o n ( l l l )  s o lu tio n s , w hile the  molybdenum so rp tio n  
i s  s t i l l  h igh , in d ic a tin g  the  presence of co n sid e rab le  q u a n ti t ie s  of 
isopolym olybdate sp e c ie s . On the  o th e r hand, in  the  c a tio n  exchange
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system th e re  i s  considerab le  i r o n ( l l l )  uptake to g e th e r  w ith  a la rg e  
molybdenum so rp tio n . The amount of i r o n ( l l l )  sorbed appears to  be 
dependent on the  co n cen tra tio n , r i s in g  as th e  i r o n ( l l l )  co n cen tra tio n  
in  s o lu tio n  r i s e s .  The so rp tio n  of both  molybdenum and iro n  by a 
c a tio n  exchange r e s in  (Table 42 ) suggests th a t  c a tio n  spec ies  of 
molybdenum a re  p re se n t. The cap ac ity  of th e  hydrogen exchanger used 
was 4.20M. eq u ivs. of H per g . , and c a lc u la tio n  shows th a t  a maximum 
Of 2.1M. moles of molybdenum may be sorbed in  the form The
acceptance of a spec ies  [MoO^. l . ] ^ +, where 1 i s  a negative  lig an d , 
c le a r ly  re q u ire s  4#2M. moles which only accounts f o r  one observed 
so rp tio n  of molybdenum (Table 4 2 ) ,  w hile ig n o rin g  th e  i r o n ( l l l )  so rp tio n . 
I t  i s  necessary , th e re fo re , to  re q u ire  a polym eric c a tio n  spec ies  
in v o lv in g  i r o n ( l l l ) .  I t  i s  p o ss ib le  th a t  th e  spec ies  p resen t a re  of 
the  type [Fe(isopolym olybdate)n~ ]^^”n +^ where the po lym erisa tion  of 
the  molybdate spec ies  i s  unknown. At pH 0,45 (Table 4 2 ) i t  i s  known 
th a t  molybdic ac id  so lu tio n s  co n ta in  the  decamolybdate ion  
[h^Mo^qO^]^"* and i t  i s  p o ss ib le  th a t  th e  sp ec ies  p resen t may be 
[Fe(H2Mo10032) ] 1- th e  r a t io  of Mo : Fe sorbed fo r  one experiment was 
10.5 ! 1 which i s  in  keeping w ith  such a p o s tu la te .
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5.4 Discussion
The so lu tio n  s tu d ie s  d iscussed  above dem onstrate the  narrow 
range of s t a b i l i t y  of the  6-molybdo f e r r a t e ( l l l )  anion. Thus above 
pH 5 sep a ra te  i r o n ( l l l )  spec ies  and molybdate ions c o e x is t, the  form er 
being  s te a d ily  removed as i r o n ( l l l )  hydroxide on f u r th e r  b a s if ic a t io n .
At p H ^  2.5 the  appearance of a yellow  s o lid  i s  c le a r  evidence again  of
•z
the  decom position of th i s  an ion . Although the  spec ies  [FeOgMOgO^] 
has been shown to  e x is t  a t  th e  in te rm ed ia te  pH values and to  be 
monomeric in  n a tu re , evidence i s  a lso  a v a ila b le  th a t  the anion i s  
extrem ely la b ile  in  s o lu tio n . The ion-exchange technique used to  
p repare  such so lu tio n s  fre q u e n tly  removed some of the  i r o n ( l l l ) ,  causing  
the Mo : Fe r a t io  in  the  so lu tio n  to  be 6 : 1 . In  a d d itio n , the  
in tro d u c tio n  of sodium hydroxide to  so lu tio n s  a t  pH 2 .5 , as in  the  pH 
t i t r a t i o n  experim ents (F ig . 14) ,  produced a yellow  s o lu tio n , suggesting  
th e  presence of d i f f e r e n t  i r o n ( l l l )  sp e c ie s . F u rth e r evidence was 
obtained  by th e  use of t ig h t ly  c ro ss -lin k e d  re s in s  f o r  th e  determ ination  
of H -values. These re s in s  caused th e  p r e c ip i ta t io n  of a brown s o lid  
r a th e r  than  the  yellow  s o lid  mentioned e a r l i e r  (Table 38)* The e f fe c ts  
described  in d ic a te  th a t  the  fo llow ing  equ ilib rium  e x is ts  in  so lu tio n s  
of the  6-m o ly b d o fe rra te ( ll l)  anions:
[FeOgMo^O^]^" ___ ^  F e ^ a q u  + isopolym olybdate ions . . . .  ( 1)
I t  has been shown [41] th a t  exchange between th is  heteropolyan ion
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and the  paramolybdate ion  [Mo^O,^]^"* i s  complete w ith in  the  tim e of 
mixing, s tu d ied  fo r  the  pH range 2 .50-4 .50  a t  29*8 °C. Id e n tic a l  
p r e c ip i ta t io n  e f fe c ts  to  those  described  in  th i s  work were recorded 
below th i s  pH range.
The a d d itio n  of i r o n ( I I I )  so lu tio n s  to  a molybdic ac id  s o lu tio n  
(Table 36) has been shown to  cause p r e c ip i ta t io n ,  the  e f fe c t  o ccu rring  
more ra p id ly  a t  low pH and a lso  w ith  in c re a s in g  molybdate co n cen tra tio n . 
Both e f fe c ts  suggest th a t  an in so lu b le  i r o n ( l l l )  isopolym olybdate i s  
formed a t  pH -^ 2 .5 *  The dependence on [H+] suggests th a t  th e  degree 
of po lym erisa tion  of molybdate ions i s  d i f f e r e n t  to  th a t  e x is t in g  in  
s o lu tio n s  of th e  heteropolyan ion , described  in  equation  ( l )  above. This 
in te rp r e ta t io n  i s  supported by the f a c t  th a t  th e  ad d itio n  of i r o n ( l l l )  
s o lu tio n s  has an id e n t ic a l  e f fe c t  upon th e  decom position of th e  
6-m olybdoalum inate(lIl) io n , in c lu d in g  the  dependence upon pH [8 1 ].
The in tro d u c tio n  of g re a te r  co n cen tra tio n s  of a c id , as n i t r i c  
ac id , produces a so lu b le  iron-isopolym olybdate c a tio n  a t  pH 0 .4 5 .
The n a tu re  of th is  c a tio n  has been d iscussed  in  s e c tio n  5 .3 .
I t  i s  of in t e r e s t  to  note th a t  bo th  th e  i r o n ( l l l )  and a lum in ium (lll) 
6-molybdoanions a re  i r r e v e r s ib le  decomposed by hea t above 40°C.
(see  se c tio n  5.21 and r e f .  81) « I t  i s  known th a t  the  form ation  of 
heteropolyan ions i s  favoured by an in c re a se  in  tem perature [ 35]* For 
example, so lu tio n s  co n ta in in g  molybdate and phosphate ions which a re
-  144 -
c o lo u rle ss  a t  room tem perature develop the  c h a r a c te r is t ic  yellow  co lour 
of molybdophosphate anions as the tem perature i s  r a is e d . S im ila r 
tem perature e f fe c ts  a re  observed fo r  the  condensation of th e  iso p o ly - 
tu n g s ta te s  ( 77)#
I t  i s  suggested , th e re fo re , th a t  th e  isopolym olybdate ion, which 
i s  in  equ ilib rium  w ith  the  6-m olybdoferrate  io n , equation  ( l ) ,  i s  
caused to  undergo fu r th e r  condensation to  produce an in so lu b le  i r o n ( l l l )  
isopolym olybdate, s im ila r  to  th a t  produced by the  in c rea se  in  hydrogen 
io n  co n cen tra tio n  below pH 2.5#
Thus the  p r e c ip i ta t io n  of th e  yellow  i r o n ( l l l )  isopolym olybdate 
i s  favoured by the  in c rease  in  both  the  i r o n ( l l l )  and molybdate 
co n cen tra tio n s  (see  T ab lep # 134) ,  and a lso  by th e  in c rea se  in  tem perature 
above 40°C. While an in c rease  in  the  hydrogen ion  co n cen tra tio n  a lso  
favours th is  p r e c ip i ta t io n ,  the  continued decrease in  pH causes 
d is s o lu t io n  of the  yellow  s o lid .  Thus a t  pH 0 .5  so lu tio n s , 0 . 1M. in  
Mo., were found to  to le r a te  la rg e  concen tra tion t' of i r o n ( l l l )  w ithout 
p r e c ip i ta t io n  a t  le a s t  up to  a Mo : Fe r a t io  of 1 : 1, Such so lu tio n s  
were found to  co n ta in  c a tio n ic  spec ies  co n ta in in g  both  i r o n ( l l l )  and 
m olybdate.
The therm al i n s t a b i l i t y  of the  iro n (  I I I )  and th e  a lu m in ium (lll)
6-molybdoanions in  aqueous s o lu tio n  i s  in  marked c o n tra s t  to  those of 
th e  corresponding  C o ( ll l)  and C r ( l l l )  compounds, which may be b o iled  in
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aqueous s o lu tio n  w ithout decomposition*
This d iffe re n c e  in  l a b i l i t y  of th e  heteropolyanions i s  f u r th e r
i l l u s t r a t e d  by the  measurement of th e  iso to p ic  exchange r a te s  u sing  
99la b e lle d  Mo , The r a te  o f exchange between th e  paramolybdate io n
and th e  heteropolyanions [CrQgMOgO^]^"’ and [FeOg.MOgO^]^"*
was measured a t  29«5°C and 0°C. At th e  h ig h er tem perature th e  exchange
was complete fo r  both  an ions, w ith  re sp e c t to  param olybdate, w ith in  .
0 .5  m inutes, bu t a t  Q°C, tj_ was 55 m inutes f o r  th e  C r ( l l l )  compound.
2
T he exchange f o r  the  i r o n ( l l l )  compound was 80$ complete w ith in  one 
minute a t  th e  same tem perature and pH, i l l u s t r a t i n g  th e  much in creased  
l a b i l i t y  of th e  molybdate groups in  th is  an ion . Under a l l  c o n d itio n s , 
th e  M o^ exchange in creased  w ith  in c re a s in g  pH (99)•
5.5* Thermal S tud ies of th e  S a lts
The prim ary purpose of the  therm al s tu d ie s  of the  s o lid
6 -m o ly b d o fe rra te ( lI l)  s a l t s  was th e  d e term ina tion  of th e  w ater con ten t 
as p a r t  of t h e i r  a n a ly s is ,  in  o rder to  c h a ra c te r is e  th e  s ta r t in g  m a te r ia ls .  
The ro le  of w ater in  th ese  compounds has been shown to  be im portant in  
d ec id in g  th e i r  s tru c tu re  and such p ro p e r tie s  as th e i r  b a s ic i ty  
(see  s e c tio n  1 .2 .)*
The s a l t s ,  prepared and analysed as described  p rev io u sly  
(se c tio n s  5*2.1 . and 5 * 2 .2 .) were d rie d  in  a vacuum d e s ic c a to r  and s to red
in  a i r - t i g h t  b o t t le s  p r io r  to  u se . The ammonium s a l t  was a f in e ,  
w hite c r y s ta l l in e  powder and was used in  th is  co n d itio n . The sodium 
s a l t  was ground to  a f in e  powder befo re  u se .
The decom position of the  ammonium s a l t  was c a rr ie d  out a t  two 
h ea tin g  r a te s ,  as shown in  Tables 43 and 44, from which F ig s . 15 and 16 
were d e riv ed . The l a t t e r  graphs, obtained  by p lo t t in g  weight rem aining 
a g a in s t tem perature do not give smooth curves and in d ic a te  th a t  s e v e ra l 
re a c tio n s  occur as th e  s a l t  dehydrates. A p lo t  of change in  weight 
per u n i t  tem perature in te rv a l  ag a in s t mean tem peratu re  d isp lay s  fo u r 
pronounced maxima up to  400°C (F ig . 17X Above th is  tem perature a s ta b le  
substance i s  obtained which undergoes f u r th e r  decom position only a t  
tem peratures g re a te r  than  700°C, a t  which p o in t a w hite s o lid  sublim es, 
a dark  in so lu b le  m a te r ia l rem aining. The w hite sublim ate i s  molybdic 
oxide, th e  dark substance co n ta in in g  iro n . S im ila r s tu d ie s  by Duval 
[ 100] u s in g  ammonium phosphomolybdate and ammonium paramolybdate have 
shown th a t  molybdic oxide i s  evolved a t  t h i s  tem pera tu re . I t  was 
shown a t  th e  same tim e by Duval th a t  a l l  th e  ammonia was evolved a t  
400°C.
In  th is  study of ammonium 6-m olybdoferrate th e * s ta b le  pa le  
yellow  compound obtained above 400° contained no ammonia and was 
in so lu b le  in  w ater and i t  i s  reasonable to  assume th a t  th i s  i s  the  
mixed anhydride of th e  h e te ro p o ly ac id . The t o t a l  weight lo s s  a t
ca. 400°C was 17*65$, the  mean of two experim ents, and thus the 
decom position may be w r i t te n :-
AMMONIUM 8 6-M0LYBD0FERRATE ~----- ^  \  Pe2°3 + 6MoC>5 + JRE OR + xH ^
,  , ^
AT 400°C*
and where x i s  No, of moles o f water in  the s a l t .
U sing the r e la t io n sh ip
FORMULA WT. RESIDUE _ 82.55
FORMULA ¥T. COMPLEX ” 100
The experim ental va lu e o f x was shown to  be 6 .8 .  Thus the  
formula of the ammonium s a l t  may be w ritten  as
(NH4 ) 3n[Fe°6.Mo60 i 5]n .7 nH20 where n = 2
This value of 7 i s  in  c o n tra s t  w ith  th a t  found by o th e r w orkersj Baker [3 ] 
rep o rted  th a t  th e  potassium  and ammonium s a l t s  a re  decahydrates, bu t no 
d e ta i l s  of the  d ry ing  procedure befo re  therm al an a ly s is  were given .
Further, in  the case o f the potassium s a l t ,  i t  was shown th a t dehydration  
was complete a f t e r  tw elve hours at 140°C and th at fu rth er  h ea tin g  to  
650°C caused no s ig n if ic a n t  weight change a f te r  two hours. The f in a l
product did not com pletely regenerate the heteropolyanion when d isso lv ed
in  w ater. The anhydrous product obtained at 140°C was r e a d ily  so lu b le  
to  g ive  a c o lo u r le ss  s o lu t io n , in d ic a tin g  th a t the heteropolyanion  
stru c tu re  was u naffected  by complete dehydration.
In ad d ition , H all [59] has noted th at a l l  the water i s  lo s t  from 
the ammonium s a l t  a t 150°C ., above which temperature ammonia was evo lved .
( htdrated) i
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C onsidera tion  of the  d e r iv a tiv e  curve, F ig . 17, obtained  fo r  the  
decom position of the  ammonium s a l t ,  has shown th a t  fo u r p r in c ip a l  
re a c tio n s  occur. An iso therm al study of the  complex a t  160°C showed 
th a t  ca* 10$ weight lo ss  occurred and th a t  th e  re sid u e  contained much 
ammonium io n . The re s id u e  was khaki and c r y s ta l l in e ,  bu t d id  not 
d isso lv e  in  w ater. The o r ig in a l  substance , however, was a lso  in so lu b le .
The two decom positions o ccu rrin g  a t  110°C and 145°C (F ig . 17) rep resen t 
th e  su ccessiv e  lo ss  of 3 moles of w ater, based upon th e  hep tahydrate  
form ula. The rem aining lo s s  of w eight, which y ie ld s  th e  mixed anhydride 
of th e  h e te ro p o ly ac id , as mentioned above, re q u ire s  th a t  a fu r th e r  
1 mole of w ater i s  lo s t  in  the  f in a l  decom position s tag e  to g e th e r  w ith 
ammonia. Thus the  w ater con ten t of th i s  s a l t  i s  bound in  two d i s t in c t  
ways, s ix  moles bound much more lo o se ly  than  the  sev en th . Since in  the  
case of the  potassium  s a l t  described  above [3 ] the  w ater lo s t  a t  140°C 
was not w ater of c o n s ti tu t io n  i t  i s  suggested  th a t  h e re , to o , the  s ix  
moles a re  w ater of h y d ra tio n . The rem aining 1 mole of w ater i s  
p o ssib ly  w ater of c o n s ti tu t io n  bu t due to  the  in s o lu b i l i ty  of the  
s ta r t in g  m a te r ia l i t  i s  no t p o ss ib le  to  check th i s  p o in t by reform ing 
th e  h ep tahydra te .
The therm al behaviour of the  sodium s a l t  i s  le s s  complex ( r e f .  F ig ,18 ) 
shows th a t  two d i s t in c t  s ta te s  in  decom position occur. The f i r s t ,  
complete a t  ca , 60°C corresponds to  an 8 .4$  lo ss  in  w eight, the  second
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6 .4$ , complete a t  225°C. Above th is  tem perature , no s ig n if ic a n t  change 
in  weight occurred up to  700°C, The t o t a l  weight lo s s  of 14*8$ due to  
w ater i s  in  good agreement w ith  th a t  found by Tsigdinos [41] who found 
th a t  14«79$ lo ss  in  weight occurred on ig n i t io n  a t  550°C. This au thor 
a t t r ib u te d  th e  form ula
N; a^CFeO g.M ogO ^^K lO -n)!!^ to  th i s  p roduct, where n was in te g ra l .  
S im ila rly  in  th is  work, th e  w ater con ten t corresponds to  a decahydrate.
The ro le  of th e  w ater in  the  s a l t  was shown to  be w ater of 
h y d ra tio n  as fo llo w s. A fte r  h ea tin g  a t  100°C fo r  45 m inutes a w hite 
s o lid  was produced which d isso lved  re a d ily  in  w ater to  give a c o lo u rle ss  
s o lu t io n . A s im ila r  iso therm al dehydration  a t  270°C to  co n stan t weight 
gave a p a le  yellow  s o lid  which d isso lv ed  in  w ater a lso  to  give a 
co lo u rle ss  s o lu tio n , although the  r a t e  of so lu tio n  in  t h i s  case was 
ap p rec iab ly  slow er. Thus, the  removal of w ater does no t d estro y  the  
heteropo lyan ion  s tru c tu re *  The therm al s t a b i l i t y  of th i s  sp ec ies  i s  
ev id en tly  g re a te r  fo r  the  s o lid  than  f o r  i t s  s o lu tio n s . I t  i s  re a d ily  
shown th a t  th e  w ater lo s t  a t  each s tag e  of th e  dehydration  corresponds 
to  th e  lo s s  of 4»32 and 5.67 moles of w ater a t  60°C and 225°C re sp e c tiv e ly . 
I  t  i s  d i f f i c u l t  to  a ss ig n  s t r u c tu r a l  s ig n if ic a n c e  to  th e  lo ss  of non­
in te g ra l  q u a n ti t ie s  of w ater from the  complex s a l t  w ithout recourse  to  
a polym eric s tr u c tu r e .  The values obtained  suggest th a t  a form ula of 
th e  type
Na5[Pe06.Mo60 15] H 10N.H,,0.
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Where W i s  in te g ra l  and probably th re e  i s  a p o s s ib i l i ty ;  whence 
13 moles and 17 moles of w ater a re  lo s t  su ccess iv e ly  from the  s tru c tu re .  
However, th ese  f in d in g s  a re  in  c o n tra s t w ith  th e  d a ta  obtained  by Baker 
and Co-workers [99]« who rep o rted  th a t  the ions in  th e  c ry s ta l  a re  
monomeric.
Due to  the  se v e ra l decom position s tag es  observed f o r  th e  
ammonium s a l t ,  a u se fu l comparison w ith th e  sodium s a l t  i s  not p o s s ib le . 
However, d a ta  f o r  o th e r t r a n s i t io n  m etal ions a re  a v a ila b le  and th is  i s  
shown in  the  fo llow ing  ta b le  r e la t in g  v ario u s  t r a n s i t io n  m etal 
heteropolym olybdates. I t  i s  c le a r  from th ese  r e s u l t s  th a t  no one 
form ula may be w ritte n  to  rep resen t the ro le  of w ater in  th ese  compounds, 
In  th e  case of th e  n ic k e l ( l l )  compound i t  has been dem onstrated [41](.)
Thermal d a ta  on t r a n s i t io n  m etal 6-heteropolym obdates
H etero atom A ssociated
Cation
Temp* req u ired  to  
achieve 
dehydration
S ta b i l i ty  of 
*
re sid u e
Reference
i r o n ( I I I ) K+ 1 4 0 °/l2 h rs . S tab le 3
n Na+ 225°/2hrs. it th is  work
It m  „+ 4 400° - -
n it
A l( l l l ) K+ 200°/36hrs, S tab le 3
C r ( l l l ) K+ 155°/24hrs. tt 3
C r ( l l l ) 170° - it 41
C o ( ll l) Na* 170°C - U nstable 41
N i( l l ) Na+ 170°C - U nstable 41
* th e  s t a b i l i t y  of the  resid u e  was judged by the  re g e n e ra tio n  of th e
heteropolyan ion  in  s o lu tio n .
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■feat th e  form ula i s  b e s t rep resen ted  by,
Na^[NiOg*Mog0^gHg]• IGH^O. i . e .  th e  s tru c tu re  co n ta ins 
c o n s ti tu t io n a l  w ater the  hydrogen atoms of which a re  no t io n is a b le . 
However, in  the  case of th e  te rv a le n t complexes of iro n , aluminium and 
chromium i t  does not appear necessary  to  invoke w ater of c o n s ti tu t io n .
For the  i r o n ( l l l )  s a l t ,  bo th  th e  potassium  and sodium s a l t s  may be 
com pletely dehydrated w ithout decom position and thus th e  anion may be 
w r itte n  [FeOg.MOgO^]^"* bo th  fo r  the s o lid  s ta t e  and in  s o lu tio n . The 
confused r e s u l t s  obtained  f o r  th e  ammonium s a l t  and th e  lack  of 
a d d itio n a l evidence fo r  th i s  s a l t  o r ammonium s a l t s  of o th e r t r a n s i t io n -  
m etal heteropolym olybdates c le a r ly  r e q u ire s •fu r th e r  s tudy f o r  the  
e lu c id a tio n  of t h e i r  s tru c tu re  in  th e  s o lid  s t a t e .
5 .6 . Summary
The p r in c ip a l conclusions a rr iv e d  a t  from the  fo reg o in g  s tu d ie s  
o f th e  6-m olybdoferrate s a l t s  a re  as fo llo w s ,
( l )  The s o l id  ammonium and sodium s a l t s  may be re a d ily  prepared in  a
pure s ta t e  from an aqueous so lu tio n  co n ta in in g  the  ap p ro p ria te  c o n s titu e n t 
(2.)
sim ple s a lts *  Thermo g rav im etric  s tu d ie s  of bo th  s a l t s  showed th a t
w h ils t th e  ammonium s a l t  d isp layed  a more complex decom position curve 
th e  sodium sa lt d isp layed  a 2 -s tag e  dehydration  curve, lo s in g  4.32 moles 
and 5.67 moles of w ater su ccess iv e ly  a t  60°C and 225°C. The a n a ly s is
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fo r  molybdenum and i r o n ( l l l )  supported the  em pirica l form ula 
NafFeOg^MOgO^j^lOH^O* The heteropolyan ion  s tru c tu re  was not destroyed 
by h ea tin g  to  270°C, su ggesting  th a t  the  w ater p lays no p a r t  in  th is  
s t r u c tu r e .  Recent c ry s ta lio g ra p h ic  s tu d ie s  of the sodium s a l t  |9 9 ]  
have suggested th a t  th e  b a s ic  heteropolyan ion  u n it  i s  a  monomer 
although e a r l i e r  s tu d ie s  on the r e la te d  isomorphous chrom ium (lll) 
compound [69] have in d ic a te d  th a t  a dim eric form ula i s  necessary* The 
l a t t e r  evidence i s  supported by Baker (3 f 66), which i s  d iscussed  in  
S ection  1.2*
(3) The ammonium ®.lt d isp layed  a fo u r-s te p  decom position curve up to  
400°C, producing th e  mixed anhydride of th e  he teropo lyacid  which was 
unchanged on h ea tin g  fu r th e r  to  700°C. The d a ta  were c o n s is te n t w ith  
the  em p irica l form ula (HH^J^FeO^.MOgO^jTH^O which i s  in  c o n tra s t  to  
the  decahydrate form ula proposed by o th e r au tho rs  [ 3 , 59] .  This s a l t  
was shown to  lo se  3 moles of w ater su ccess iv e ly  a t  110°C and 145°C and 
f in a l ly  lo s in g  the  rem aining w ater and ammonia between 160°C and 400°C. 
Whereas th e  sodium s a l t s  of analagous 6-heteropolym olybdates (p*29) 
e x h ib it  s im ila r  dehydration  behaviour, the  absence of d e ta ile d  therm al 
s tu d ie s  f o r  the  ammonium s a l t s  of s im ila r  compounds p reven ts  any 
comparison to  be drawn.
(4 ) S o lu tio n s  co n ta in in g  th e  6-m olybdoferrate ion , 0.1M. in  Mo., were 
s ta b le  only in  the range of pH 2 .5-5«0. The red u c tio n  in  pH caused the
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p r e c ip i ta t io n  of yellow i r o n ( l l l )  m olybdate. I t  has been rep o rted  Li] 
th a t  so lu tio n s  of th e  f r e e  he teropo lyacid , 0.01M. in  Mo., pH 2 .4 , can 
be prepared . Above pH 5 .0 , i r o n ( l l l )  hydroxide was p re c ip i ta te d .
( 5 ) As a r e s u l t  of R-value determ inations and io n  sc reen in g  te s t s  u s in g
re s in s  covering  a wide range of w ater reg a in  value  (Tables 38 and 39)
i t  was shown th a t  the  monomeric ion  [FeO.-.MoO.-]^’** was the  major
0 1 0
exchanging sp ec ies  from so lu tio n s  of pH 3*3 and pH 4*5* This conclusion  
i s  supported by the  work of Tsigdinos [.41] who has proposed a monomeric 
form ula f o r  th e  6-heteropolym olybdates of i r o n ( l l l ) ,  chrom ium (lll), 
c o b a l t ( l l l )  and a lum in ium (lll) (see a lso  se c tio n  1 .2 . ) .  The c o n f l ic t in g  
evidence of c ry s ta llo g ra p h ic  s tu d ie s  has been c i te d  above (5 * 6 .1 .) ,
(6) In  the  presence of excess n i t r i c  a c id , the yellow  i r o n ( l l l )  molybdate, 
r e fe r re d  to  in  (4 ) above, d isso lv es  to  give a pa le  yellow  so lu tio n ,
pH 0 .4 5 . This so lu tio n  could to le r a te  a la rg e  excess of i r o n ( m )  
n i t r a t e  in  c o n tra s t to  those so lu tio n s  prepared a t  much h ig h er pH v a lu es .
As a r e s u l t  of ion-exchange s tu d ie s  i t  was dem onstrated th a t  very  l i t t l e  
i r o n ( l l l )  would undergo anion exchange, d e sp ite  the la rg e  exchange of 
molybdenum anions (Table 4 l)*  However, c a tio n  exchange s tu d ie s  (Table 4 2 ) 
were c o n s is te n t w ith  th e  presence of an i r o n ( l l l )  isopolym olybdate c a tio n  
and i t  i s  suggested th is  io n  may be form ulated  as [FevH ^M o^O ^)]^*
This i s  supported by the r a t io  Mo : Fe undergoing exchange w ith  the 
r e s in .
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The work of Schulz, Bums and Duke [ 79], who have suggested 
so lu tio n s  co n ta in in g  i r o n ( l l l ) ,  molybdenum and 0.5M. n i t r i c  ac id  
con ta in s th e  6-m olybdoferrate an ion , i s  a t  v a riance  w ith  th e  above 
f in d in g s .
(7) In  c o n tra s t to  the  s t a b i l i t y  of the  6-m olybdoferrate s a l t s  in  s o lid  
s ta t e ,  so lu tio n s  co n ta in in g  th is  anion a re  remarkably la b i le  and 
s e n s i t iv e  to  the change in  the pH of the so lu tio n , thus they a re  s ta b le  
in  a very  narrow range of pH, a t  co n cen tra tio n s  of molybdenum 0.1M* 
and i t  was not p o ss ib le  to  prepare so lu tio n s  o f th e  f re e  heteropo lyac id  
a t  th i s  co n cen tra tio n .
W
T.
 
R
E
M
A
IN
IN
G
. 
9*
10
■ooo
CO
Li-
T
E
M
P
E
R
A
T
U
R
E
IvO
LU
LL. LL
Ol *'*» 9 N I N I V W 3 t i  1 M
00 vO
io
CO
U_
<n
CM
i
I
I
CD in
LL!
U J
CO
CM
-  155 -
Table 56 (Ref. F ig .14  Curve l )
pH t i t r a t i o n  of 25ml* sodium 6-m olybdoferrate so lu tio n , t r e a te d  w ith H+
re s in  to  give s ta b le  s o lu tio n  pH 2 .5 , and 0 .01N. sodium hydroxide.
Appearance of 
so lu tio n
alm ost co lo u rle ss  
p a le  yellow  so lu tio n
yellow
brown-yellow
brown
pH eauivs OH 
g.atom Mo
2 .5 0 0
2.60 0.017
2.75 0 .0 5 8
5.40 0 .0 7 6
4.55 0 .1 0 0
4.62 0.113
4.80 0.123
4.90 0.132
4.95 0.140
5 .0 0 0.149
5.05 0,160
5 .2 0 0.180
5.42 0 .2 5 2
5.55 0 .3 0 2
5.65 0.344
5.80 0.375
5.70 0.416
5.75 0.456
5.80 0.498
5.80 0.541
5.85 0.625
5.90 0 .7 0 8
5.95 0.795
6 .0 0 0.955
6.05 1.145
6.15 1 .252
6.50 1*483
7.45 1.548
7.90 1.555
8 .1 0 1 .5 6 8
9.05 1.589
9.40 1.605
10 .0 1 .630
11 .0 1 .678
P re c ip i ta t io n  -  brown
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Table 57 (R ef. Fig*14 Curve 2) 
pH t i t r a t i o n  of ca* 50ml, suspension of ammonium 6-m olybdoferrate , 
co n ta in in g  0 . 1885g* compound, w ith sodium hydroxide s o lu tio n .
pH, eauivs_OHf Appearance of
g.atom No so lu tio n
4.25 0 '
5 .2 0  0*081 yellow  s o lu tio n
5.55 0*122
5.48 0*185
5.55 0*244
5.62 0.525
5.68 0*596
5.75 0*498
5.80 0*589
5.85 0.681
5.90 0.782
5.95 0 .8 7 2
6 .0 0  0 .9 9 6
6.05 1.117
6.28 1.501
8*50 1.402
8 .7 2  1 .422
9 .2 0  1.524
9.71 1.646
10,51 1 .788  c le a r  so lu tio n  -  brown p p t.
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Table 58
Batch experiment 100ml* of a sodium 6-m olybdoferrate  s o lu tio n , 
0 . 089M, in  Mo and pH 3 . 5 ; re s in s  (0 .5 g .)  in  n i t r a t e  form. Time of 
co n tac t 20 days.
W.R. pH fo exchange R(Mo) R(Fe)
0.72 +0.15 71 (1 .33) (0 .15)
1.67 +0.71 85 ( 2 . 11) (0 .26)
2 .5 0 +0.91 71 (2 .45) (0 . 4 2 )
3 .20 +0 .9 0 100 2.1 0.34
5.70 + 1 .4 100 2 . 1 . 0 .32
7 .2 0 +1.1 100 1.9 0 .2 2
18.5 +1.4 100 2 .2 0 .3 4 '
Mean 2 . 1 , 0 .33
* R values in  b rack e ts  in d ic a te  u n ce rta in  
va lues due to  p r e c ip i ta t io n .
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Table 39
Batch experiment
S o lu tio n  -  100ml. sodium 6-m olybdoferrate s o lu tio n , pH 4.5*
[Mo] = 0 . 096M. ; Mo = Fe r a t io  6 * 1 .
Resin — 0 . 50g. anion exchange r e s in  in  c h lo rid e  form, cap ac ity  
3 . 79m.equivs* Gl“* /g ,, w ater reg a in  4 . 9 .
E quilibrium  Time -  50 days*
pH A  pH 
i n i t i a l
4 .48  +0.07
4 .48  +0.27 
4 .5 0  +0 .2 0  
4.50  +0 .2 2
aiyo exchange R(Mo) R(Fe)
100
100
100
Mean
2 .10
2.06
2.18
2.18
2.1
0.37
0.34
0.36
0.37
0.36
R atio  
Mo * Fe 
sorbed
5 .8  
6.0  
6.0
5.9
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Table 40
Batch experiment 100ml. of sodium 6-m olybdoferrate so lu tio n  a c id if ie d  
w ith  n i t r i c  ac id  as shown; 0 .50g. anion exchanger in  n i t r a t e  form,
W.R s  4 .3 3 .
E quilibrium  Time -  25 days#
[M.]
M olarity
Mo sorbed 
m moles
Fe(m) sorbed 
m moles
pH R(Mo)
( c a lc .)
0.099 5.20 0.00 0.1 1.7
0.099 5.27 0.00 0 .1 1 .7
0.115 5.52 0.00 0.4 2.9
0.115 5.49 0.00 0.4 2.9
Table 4-1
Batch experim ent 100ml. f e r r i c  n i t r a t e -  molybdic ac id  -  n i t r i c  ac id  
m ix tu re , co n cen tra tio n s  as shown; lg .  ch lo rid e  form r e s in ,  W.R. 4*5*
[Mo]
M olarity
[ P e ( I I I ) ]
M olarity
Mo. sorbed 
m.moles
F e ( lI l) so rb e d  
m.moles
pE
e q u il .
$
exch;
0.095 0.021 6.0 0.T.2 0 .4 100
0.095 0.021 6.0 0.10 0 .4 100
0.095 0.042 5 .7 0.05 0 .4 100
0.095 0.042 5 .7 0.05 0 .4 100
Table 42
4-Batch experiment so lu tio n s  as previous ta b le ;  1g. H form r e s in
Z.K. 225, 4-5$ D.V.B.
Mo. sorbed 
m.moles
F e (III)so rb e d  
m.moles
pH
e q u il .
R atio  MosFe 
sorbed
5.5 0.52 0.45 10.5 s 1
5.4 0.52 0.45 10.4 s 1
4 .2 1.81 0.45 2;5  • 1
4 .2 o00. 0 .45 2*5 s 1
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Table 45 ( r e f .  F ig .15 )
Thermo grav im etric  study of ammonium 6-m olybdoferrate 
Weight taken  -  0.2229g.
H eating r a te  -  2 ° /m in .; ch a rt speed 6u/h o u r.
Temp°C Wt. rem aining (g .)  
co rrec ted  f o r  buoyancy
Temp. °C. Wt. rem aining (g .)  
co rrec ted  fo r  buoyancy
~ 30 0.2229 270 0 .1916
50 0.2228 280 0 .1916
60 0,2224 290 0 .1 9 0 8
70 0 ,2220 300 0 .1 9 0 0
80 0 .2 2 1 0 310 0 .1892
90 0 .2196 320 0.1885
100 0.2177 330 0 .1 8 7 8
110 0.2141 340 0.1874
120 0 .2106 350 0.1863
130 0.2075 360 0.1851
140 0.2051 370 0.1843
150 0 .2 0 3 0 380 0.1835
160 0.2007 400 0.1833
170 0.1992 450 0.1834
180 0 .1 9 8 2 510 0.1835
190 0.1975 605 0.1834
200 0 .1 9 6 8 700 0.1833
210 0 .1 9 6 2 730 0*1831
220 0.1956 780 0.1823
230 0.1950 840 0.1750
240 0.1944 875 0.1669
250 0.1938 915 0.1558
260 0 .1 9 3 2
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Table 44 ( r e f .  F ig . 16,17)
Thermogravimetric study of ammonium 6-m olybdoferrate
Weight taken  -  0 .1914g. H eating r a te  -  l° m in .;
c h a rt speed 6M/hour
Temp. °C Wt. rem aining (g .)  change i n w t .  p er u n it  temp.change
co rrec ted  f o r  buoyancy #dw 10-4 n
30 0,1914 0
40 0.1914 0
50 0.1914 0
60 0.1913 0.1
70 0.1912 0.1
80 0.1909 0 .3
90 0.1899 1 .0
100 0.1878 2.1
110 0.1835 4 .3
120 0.1791 4 .4
130 0.1772 1,9
140 0.1751 2,1
150 0,1730 2.1
160 0.1713 1.7
170 0.1704 0 .9
180 0,1697 0 .7
190 0.1691 0 .6
200 0.1684 0 .7
210 0.1680 0 .4
220 0.1675 0 .5
240 0.1664 0 ,6
260 0.1654 0 .5
280 0.1646 0 .4
300 0.1635 0 .6
320 0.1618 0 .9
340 0.1608 0 .5
380 0.1604 0,1
390 0.1579 2.5
400 0,1576 0 .3
410 0.1576 0
420 0.1576 0
560 0.1577 0
580 0,1577 0
600 0.1577 0
620 0.1576 0.05
670 0.1575 0.02
700 0,1574 0.03
720 0.1571 0.15
740 0,1564 0.35
760 0.1541 1.0
780 0.1484 2.9
800 0.1409 3 .8
820 0.1163 17
840 0.0994
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Table 45 (R ef, F ig . 18)
Thermogravimetric study of sodium 6-m olybdoferrate 
Weight taken  0,1182g.
H eating r a te  3°/m in, f o r  100min. j 6°/m in. f in a l ly .
Chart speed 6M/h c u r .
Temp,°C io w t, lo ss  (c o rre c te d  f o r  buoyancy)
20°  0
25° 0
30° 0«262
40° -
45° 0.338
50° 1.02
55° 2.22
60° 4 .43
65° 7.17
70° 8.03
75° 8.12
160° 8.36
180° 8.41
230° 9 .17
250° 12.7
280° 14.7
305° 14.8
440° 14.9
690° 15.0
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